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Serum neurofilament light chain reference database for
individual application in paediatric care: a retrospective
modelling and validation study
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Summary

Background Neurological conditions represent an important driver of paediatric disability burden worldwide.
Measurement of serum neurofilament light chain (sNfL) concentrations, a specific marker of neuroaxonal injury, has
the potential to contribute to the management of children with such conditions. In this context, the European
Medicines Agency recently declared age-adjusted reference values for sNfL a top research priority. We aimed to
establish an age-adjusted sNfL reference range database in a population of healthy children and adolescents, and to
validate this database in paediatric patients with neurological conditions to affirm its clinical applicability.

Methods To generate a paediatric sNfL reference dataset, sSNfL values were measured in a population of healthy
children and adolescents (aged 0-22 years) from two large cohorts in Europe (the Coronavirus Antibodies in Kids
from Bavaria study, Germany) and North America (a US Network of Paediatric Multiple Sclerosis Centers paediatric
case-control cohort). Children with active or previous COVID-19 infection or SARS-CoV-2 antibody positivity at the
time of sampling, or a history of primary systemic or neurological conditions were excluded. Linear models were used
to restrospectively study the effect of age and weight on sNfL concentrations. We modelled the distribution of sNfL
concentrations as a function of age-related physiological changes to derive reference percentile and Z score values via
a generalised additive model for location, scale, and shape. The clinical utility of the new reference dataset was
assessed in children and adolescents (aged 1-19 years) with neurological diseases (epilepsy, traumatic brain injury,
bacterial CNS infections, paediatric-onset multiple sclerosis, and myelin oligodendrocyte glycoprotein antibody-
associated disease) from the paediatric neuroimmunology clinic at the University of California San Francisco
(San Francisco, CA, USA) and the Children’s Hospital of the University of Regensburg (Regensburg, Germany).

Findings Samples from 2667 healthy children and adolescents (1336 [50-1%)] girls and 1331 [49-9%] boys; median age
8.0 years [IQR 4-0-12-0]) were used to generate the reference database covering neonatal age to adolescence (target
age range 0-20 years). In the healthy population, sNfL concentrations decreased with age by an estimated 6-8% per
year until age 10- 3 years (estimated multiplicative effect per 1 year increase 0-93 [95% CI 0-93-0-94], p<0-0001) and
was mostly stable thereafter up to age 22 years (1-00 [0-52-1-94], p>0-99). Independent of age, the magnitude of the
effect of weight on sNfL concentrations was marginal. Samples from 220 children with neurological conditions
(134 [60-9%)] girls and 86 [39-1%] boys; median age 14-7 years [IQR 10-8-16-5]) were used to validate the clinical
utility of the reference Z scores. In this population, age-adjusted sNfL Z scores were higher than in the reference
population of healthy children and adolescents (p<0-0001) with higher effect size metrics (Cohen’s d=1-56) compared
with the application of raw sNfL concentrations (d=1-28).

Interpretation The established normative sNfL values in children and adolescents provide a foundation for the clinical
application of sNfL in the paediatric population. Compared with absolute sNfL values, the use of SNfL Z score was
associated with higher effect size metrics and allowed for more accurate estimation of the extent of ongoing
neuroaxonal damage in individual patients.
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Introduction

Accurate monitoring of neuroaxonal injury in neurological
and systemic diseases is of pivotal importance at both the
population and individual patient level. For instance,
methods that measure neuroaxonal injury in children

with high specificity could facilitate early and accurate
detection of conditions associated with short-term and
long-term neurological disabilities, which would have
considerable socioeconomic effects. Such methods could
also augment clinical trials that are evaluating an
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Research in context

Evidence before this study

Relevant literature was identified by searching PubMed from
database inception up to March 20, 2023, for articles published
in English, using the search terms: “neurofilament” and
“pediatrics” or “paediatrics” or “children”. Serum neurofilament
light chain (sNfL) is elevated in numerous paediatric
neurological and systemic conditions, with lowering of
concentrations under effective treatments. Despite differences
in individuals with disease versus control groups, the effect

of age on sNfL has been poorly defined. Furthermore,

no age-adjusted reference range exists for individuals younger
than 18 years.

Added value of this study

In this work, we have developed age-adjusted sNfL reference
curves to help diagnose and monitor neurological conditions
up to age 20 years. Using data from two large cohorts from
centres in Europe and North America, we established sNfL

expanding range of targeted causal and disease-
modifying treatments.

Neurofilament light chain (NfL) is a neuron-specific
protein, and the release of NfL into CSF and blood has
become a first-in-class biomarker of neuronal damage.’
However, physiological factors and various pathological
conditions can affect the concentrations of NfL in serum
(sNfL), and the interpretation of sNfL concentrations can
be complicated if based on raw values.”” In 2022, the
development of a large, age-adjusted reference dataset of
NfL values from healthy adults was an important step
towards a contextualised understanding of NfL con-
centrations in blood.* Use of age-adjusted sNfL
concentrations in adults has shown potential in
predicting disease activity and capturing treatment
response in multiple sclerosis.* In line with these
findings, in 2022 the US Food and Drug Administration
granted breakthrough designation status for an sNfL
assay (the Quanterix Simoa NfL plasma test) for
accelerated consideration as a method for multiple
sclerosis activity monitoring in individuals older than
18 years.’

Evidence supports the value of sNfL as a biomarker in
diseases of children and adolescents, and testing for this
biomarker might contribute substantially to the
management of paediatric neurological conditions.
Indeed, neonatal prematurity® and diseases such as
multiple sclerosis,”® Huntington’s disease,’ and spinal
muscle atrophy®™" in children are associated with
increased sNfL concentrations. Furthermore, reduction
of elevated sNfL as a consequence of therapeutic
interventions can be used to assess treatment effects, as
reported for disease-modifying treatments in multiple
sclerosis” and for nusinersen in spinal muscle atrophy.”
These studies in paediatric populations indicate utility in
rare disabling paediatric conditions.

percentiles and Z scores, adjusted for age, and integrated them
into a new public web-based application. In a well defined
clinical use case, we showed the superior potential of the newly
developed sNfL Z scores, compared with absolute sNfL values,
in reflecting ongoing neuroaxonal injury in organic neurological
conditions.

Implications of all the available evidence

Similar to in the adult population, sNfL is likely to have a
relevant contribution to the counselling of children with
paediatric neurological conditions. Paediatric neurological
diseases contribute substantially to paediatric disability burden
worldwide. The normative values established for sNfL for the
paediatric population in this study represent a crucial advance
to overcome existing constraints in interpreting raw values,
and provides the foundation for the clinical use of blood NfL
measurements in this population.

Without normative values of sNfL in children, wide-
scale application of sNfL as a biomarker for paediatric
populations in clinical and research settings is hindered.
In 2022, the European Medicines Agency acknowledged
the absence of reference values for sNfL as a crucial
shortcoming for implementation of this biomarker in
the paediatric neurology setting.” Thus, efforts to
establish both a reference dataset for sNfL in the
paediatric population and age-adjusted normalised
scores are considered top research priorities. In this
international collaboration study, we aimed to establish
an age-adjusted sNfL reference database using
immunoassay data in a large population of healthy
children and adolescents. We subsequently assessed the
clinical application of the reference dataset in children
and adolescents with various neurological diseases.

Methods

Study design and participants

For retrospective modelling and validation, we used
prospectively collected individual serum samples (one
sample per person). To generate a paediatric sNfL
reference dataset, we used serum samples collected from
a population of healthy children and adolescents from two
large cohorts in Europe and North America. The first
cohort was from the Coronavirus Antibodies in Kids from
Bavaria study (CoKiBa) in southern Germany; samples
for this cohort were collected cross-sectionally between
May 22 and July 22, 2020, to assess the incidence of SARS-
CoV2 antibodies. CoKiBa recruited two groups of healthy
individuals who were either part of an ongoing public
health prevention programme, or the children of families
who actively wanted to participate.” The samples used in
this study were from individuals aged 0-16 years.
Exclusion criteria for this sNfL reference dataset were
active COVID-19 infection, history of COVID-19 infection,
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or SARS-CoV-2 antibody positivity at the time of
sampling.” The second cohort was the US Network of
Paediatric Multiple Sclerosis Centers (US, ), from
which we included samples from children and adolescents
(aged 2-22 years) without multiple sclerosis. Samples
were obtained cross-sectionally from 16 paediatric clinics
in the USA, between January, 2008, and February, 2014, as
part of an ongoing multicentre case-control study.” In
both cohorts, children and adolescents with a history of
primary systemic or mneurological conditions were
excluded from our reference population. Overall sample
selection for the reference database is presented in the
appendix (p 6).

To confirm the clinical utility and value of the proposed
age-adjusted sNfL reference values, we evaluated sNfL
values in outpatients (aged 1-19 years) with neurological
diseases (epilepsy, traumatic brain injury, bacterial CNS
infections, paediatric-onset multiple sclerosis, and myelin
oligodendrocyte glycoprotein antibody-associated disease)
from the paediatric neuroimmunology clinic at the
University of California San Francisco (San Francisco,
CA, USA).® Samples were collected cross-sectionally
between October, 2006, and March, 2019. The patients
with paediatric-onset multiple sclerosis (n=142) and
myelin oligodendrocyte glycoprotein antibody-associated
disease (n=20) have been reported on previously.”
Additional samples were collected from inpatients and
outpatients (aged <18 years) with the specified neurological
conditions at the Children’s Hospital of the University of
Regensburg (Regensburg, Germany) between October,
2017, and July, 2018.

Institutional review boards at respective centres
approved this study. Written informed consent was
obtained from participants or corresponding legal
guardians.

Procedures

Basic demographic data were collected at the time of
sampling, including age, sex, race, and body weight. We
measured sNfL concentrations with the Simoa NF-light
Advantage kit (version 1) on an HD-X Analyzer (both
from Quanterix, Lexington, MA, USA).* sNfL was
measured according to the protocol provided by the
company. Samples were measured in duplicate. Inter-
assay variability was evaluated with three native quality-
control serum samples in each measurement run. All
samples produced signals greater than the analytical
sensitivity of the assay. Mean intra-assay variability and
inter-assay variability were lower than 10%.

Statistical analysis

Participant characteristics are presented by cohort as
median and IQR. Visual inspection of the association
between sNfL and age in healthy children showed a
distinct pattern in early childhood versus late childhood.
Therefore, we first modelled the association between
SNfL (dependent variable; log-transformed) and age

separately in these two groups using the Akaike
information criterion as a goodness-of-fit measure. A
linear term for age (as compared to spline terms) best
described the data. Thereafter, a segmented regression
approach was used to model the association over the
entire age range. Consequently, the association was
assumed to be piecewise linear (after log-transformation
of sNfL) and the unknown inflexion point was estimated
as an actual parameter of the model, with use of a
linearisation technique described previously.” The
proportion of variability accounted for by the segmented
regression model was expressed by adjusted R square
(R2,,). Rz, was also determined for separate regression
models with a linear term for age, for individuals older
than the inflexion point age and for individuals younger
than the inflexion point age to quantify the importance of
age in explaining the variation of sNfL in these
two age periods. Estimates from models with log-
transformed sNfL as the dependent variable were back-
transformed (exponentiated) and therefore represent
multiplicative effects on the geometric mean of sNfL.

Following estimation of the effect of age, we fitted
two separate linear models to assess the effect of weight
on sNfL concentrations in healthy children and
adolescents, in the group who were younger and the
group who were older than the inflexion point detected
by the segmented regression model. Using log-
transformed sNfL as a dependent variable, we compared
R2 . when including weight and age as compared with
age alone. In these models, the variance inflation factor
was used as a measure of the magnitude of collinearity
between age and weight.

To generate sNfL reference curves, we used a
generalised additive model for location, scale, and shape
(GAMLSS), which was based on a Box-Cox t distribution,
to accurately model the association between sNfL and
age. We tested several distributions and compared
goodness-of-fit statistics using the Bayesian information
criterion to find the most appropriate fit for the data.
Skewness and kurtosis were found to not be age-
dependent and were estimated as constant parameters of
the model. sNfL was the dependent variable and the final
model used spline terms with three degrees of freedom
for the explanatory variable (age). The model fit was
assessed visually with detrended Q-Q plots. This
statistical approach and the underlying distribution used
in the model allowed for precise estimation of outer
percentiles and Z scores, as described previously.*®
Percentiles express the percentage of children and
adolescents from the general population who are
expected to have sNfL values lower than the given value,
taking into account age. Z scores are interchangeable
with percentiles and express the deviation of an age-
adjusted sNfL value in terms of the number of standard
deviations from the mean in a reference population. The
clinical utility of the Z scores was assessed by comparing
sNfL raw values (log-transformed) and sNfL Z scores
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adolescents and the recently published references for
adults,* allowing for a transition between the reference
curves. Thus, we defined the target age range of the
Sex reference values to be 0-20 years.

CoKiBa (n=2235)  US,.(n=432)

154 (12:3-177)

Total (n=2667)

Age, years 7-0 (4-0-10-0) 8.0 (4-0-12-0)

Female 1090 (48-8%) 246 (56-9%) 1336 (50-1%) In all analyses, p values lower than 0-05 were
Male 1145 (51-2%) 186 (43-1%) 1331 (49:9%) considered to indicate statistical significance. All analyses
Race were performed in R (version 4.3.1).
White NA 265 (61:3%) NA
Black or African American NA 72 (16-7%) NA Role of the funding source
Asian NA 42(97%) NA The funders of the study had no role in study design,
Multiracial NA 35 (8-1%) NA data collection, data analysis, data interpretation, or
Native American or Alaskan Native NA 5(1-2%) NA Writing of the report.
Not reported NA 13 (3-0%) NA
Bodyweight, kg NA 57.0 (472-69-8)*  NA Results
sNfL concentration, pg/mL 4.9 (3-9-6-4) 3.9 (2:9-5:1) 48(37-62) sNfL values from 2667 healthy children and adolescents

from the CoKiBa (n=2235) and US,,. (n=432) cohorts
were used to generate the reference database.
Demographic data and measured sNfL concentrations
are reported in table 1 and the appendix (p 7). The total
population of healthy children and adolescents
comprised 1336 (50-1%) girls and 1331 (49-9%) boys, and
median age was 8-0 years (IQR 4-0-12-0). Median sNfL
concentration was 4-9 pg/mL (IQR 3-9-6-4) for the
CoKiBa samples and 3-9 pg/mL (2-9-5-1) for the US
samples.
sNfL concentrations were not independent of age, and
different patterns of association were identified in
different age ranges (figure 1). The segmented regression
model indicated that the association could be
approximated by two separate linear associations with an
optimal inflexion point at 10-3 years (9-6-10-9). In
children younger than 10-3 years, sNfL concentrations
decreased by an estimated 6-8% with each 1year increase
in age (estimated multiplicative effect per 1 year increase
0-93 [95% CI 0-93-0-94], p<0-0001). In children and
adolescents aged 10-3 years or older, up to the upper
: age bound of 22 years, age was not associated with sNfL
v concentrations (1-00 [0-52-1-94], p>0-99). Overall, age
accounted for 26-0% of the variation in sNfL (R2,, 0- 260)
in the segmented regression model, which was driven
by the correlation in age younger than 10-3 years
(Rz,; 0-237; older than 10-3 years, R2, 0-002).
Independently of the effect of age, sex did not affect
sNfL concentration (p=0-95 in a separate GAMLSS
model including sex as a covariate in addition to age).
Bodyweight was only available in the US,,,. cohort, in
378 of 432 individuals. In healthy children younger than

Data are median (IQR) or n (%). CoKiBa=Coronavirus Antibodies in Kids from Bavaria study. NA=not available.
sNfL=serum neurofilament light chain. US,,=US Network of Paediatric Multiple Sclerosis Centers (healthy controls).
*Bodyweight available for 378 individuals.

Table 1: Demographic characteristics of healthy children and adolescents

30

-encs o @

sNfL (pg/mL)

0 5 10 15 20
Age (years)

Figure 1: Association between age and sNfL concentrations in healthy children and adolescents

The segmented regression model indicated that the association between sNfL and age could be approximated by
two separate linear models with log(sNfL) as a dependent variable and the optimal inflexion point at age

10-3 years (vertical dashed line). Dots represent individual samples (one per person). In healthy children younger
than 10-3 years, increasing age up to 10-3 years was associated with lower sNfL concentrations (6-8% decrease per
year). In healthy children and adolescents aged 10-3 years or older, age was not significantly associated with sNfL
concentration. sNfL=serum neurofilament light chain.

between the healthy population and those with
neurological conditions by quantifying the gain in
precision after accounting for the non-linear effect of
age on sNfL. This quantification was done by numerically
describing the effect sizes in these group comparisons
with use of Cohen’s d and supported by Wilcoxon-rank
sum test.” We had a high number of samples from
individuals in the reference population in the age range
0-20 years (n=2638, 98-9%) and we found good
agreement of the reference curves between older

10- 3 years with available bodyweight (n=46; appendix p 3),
age alone accounted for 13-8% of the variability in sNfL
concentrations (R2,, 0-138; estimated multiplicative
effect per 1 year increase, 0-93 [0-89-0-98], p=0-0064)
and bodyweight alone only accounted for 7-9% of the
variability (R2,, 0-079), with a 10 kg increase in weight
associated with an estimated 8-8% decrease in sNfL
concentration (estimated multiplicative effect 0-91
[0-84-0-99], p=0-033; appendix p 3). Combining the age
and bodyweight variables led to a decrease in adjusted
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variance compared with age alone (R2,, 0-125), because
the two variables were moderately correlated (variance
inflation factor of 1-7). In children and adolescents aged
10- 3 years or older (n=332), bodyweight alone correlated
with sNfL concentrations. However, the magnitude of
the effect appeared to be small, with a 10 kg increase in
bodyweight associated with an estimated 3-7% decrease
in sNfL concentration (estimated multiplicative effect
0-96 [0-94-0-99], p=0-0015), and the effect accounted
for only 2-7% of sNfL variation (R2,,0-027; appendix p 3).
When combining age and weight in the statistical model
for children and adolescents aged 10- 3 years or older, the
model explained 4-8% of the sNfL variation (R2,; 0-048;
appendix p 3).

The distribution of sNfL concentrations in the
function of age-related physiological changes was
modelled to derive percentile and Z score values via a
GAMLSS model. The age-adjusted sNfL measures
(percentiles and Z scores) can be retrieved in a
numerical format and as a graphical illustration
(figure 2; appendix pp 4-5, 8-9) online.

The clinical utility of the reference database was
validated in 220 children and adolescents with
neurological conditions, comprising 134 (60-9%) girls
and 86 (39-1%) boys (median age 14-7 [IQR 10-8-16-5];
table 2). In this population, both raw sNfL concentrations
and sNfL Z scores were higher than in the reference
population (both p<0-0001), but sNfL Z scores were
associated with larger effect size metrics than the raw
concentrations (SNfL Z scores, Cohen’s d=1-56; and
absolute sNfL values, d=1-28; figure 3). In this clinical
use case, Z scores showed greater distinctive power
between various neurological diseases and healthy
children and adolescents when compared with raw
values, as shown by consistently higher effect size
measures expressed by Cohen’s d and lower p values
across the different disease subgroups (appendix p 10).

Discussion

In this study, we used a highly sensitive immunoassay to
measure sNfL concentrations in a large international
cohort, and established a paediatric reference dataset to
interpret sNfL values in clinical practice and research
settings. To allow for broad use by the scientific
community, we have implemented an online application
to generate Z scores for individuals aged 20 years or
younger (appendix p 9), which complements the adult
reference application.*

Similar to in adults, age is a predominant and disease-
independent modifier of sNfL concentrations in children
and adolescents. However, in the current study, the
directionality of sNfL correlation with age varied
depending on age group, in contrast with the adult
population, who showed an exponential increase in sNfL
concentrations with age We found that sNfL
concentrations were highest after birth, with a steep
yearly decrease until stabilisation at around 10 years of

A
30 sNfL percentile
—99th
—95th
—— 90th
——50th
=
€
>
e
=
K
B
30+ sNfL Z score
—20
—15
—1.0
—0
20
=
£
>
R
=
K
0 T T T T
5 10 15 20
Age (years)

Figure 2: SNfL percentile and Z score reference curves in healthy children and adolescents

A generalised additive model for location, scale, and shape with a spline term for age was used to model the

non-linear association of sNfL concentration (pg/mL) with age in healthy children. Dots represent individual
samples (one per person). From this model, percentile values (A) and Z scores (B) were derived, defining the

deviation from reference while adjusting for age. sNfL=serum neurofilament light chain.

age. In early and late adolescence, there was a trend
towards increasing sNfL concentration with increasing
age, which is known to continue in adulthood before
accelerating in elderly individuals.* High sNfL
concentrations in the early years of life are unlikely to be
related to accelerated neuroaxonal injury. A more likely
primary explanation for the strong negative correlation
between sNfL and age in early years might be the
physiological change of distribution volume. Total blood
volume has been shown to expand substantially after
birth, and itstabilises in early adulthood (appendix p 11).%*
It is also noteworthy that CNS maturation accelerates
within the first few years after birth.”* Whether the
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Paediatric-onset Epilepsy (n=36) Myelin oligodendrocyte ~ Bacterial CNS Traumatic brain injury
multiple sclerosis glycoprotein antibody-  infections (n=12) (n=10)
(n=142) associated disease (n=20)
Sex
Female 95 (66-9%) 15 (41-7%) 15 (75-0%) 5 (41.7%) 4 (40-0%)
Male 47 (33-1%) 21 (58-3%) 5(25:0%) 7 (58:3%) 6 (60-0%)
Age, years 150 (12:9-16.8) 11-4 (6-0-15-0) 8.8 (7-4-11-4) 8.8 (8-0-12:3) 11-3 (6-8-17-2)
sNfL concentration, pg/mL 212 (9:5-42-3) 5.5 (3:7-7-0) 327 (11-4-69-7) 6-8 (4-6-10-3) 5-8 (4-6-7-1)
SNfL Z score 2:8(21-3-2) 0-6 (0-3-15) 3.0 (2:2-3:3) 0-9 (0-4-2-0) 0-8 (0-4-1-4)
Data are n (%) or median (IQR). sNfL=serum neurofilament light chain.
Table 2: Children and adolescents included in the clinical use case, by neurological disorder

Cohen's d=1-28, p<0-0001
1

Cohen's d=156, p<0-0001

100

SNfL (pg/mL)
sNfL Z score

T
Healthy individuals Individuals with Healthy individuals Individuals with

(n=2667) neurological (n=2667) neurological
diseases diseases
(n=220) (n=220)

Figure 3: Absolute sNfL values and sNfL Z scores

Absolute sNfL values (A) and sNfL Z scores (B) were from healthy children and adolescents, who were used to
create the sNfL reference database, and children and adolescents with neurological conditions. Application of sNfL
Z scores versus absolute sNfL concentrations increased the magnitude of difference (as expressed by the effect size
measure Cohen'’s d) between healthy children and adolescents (reference population) and patients with
neurological diseases. The horizontal line at Z=0 in part B represents the expected mean value in the reference
population. Box-plots represent the median, IRQ, and 1-5 times the IQR from the first and third quartile.

Dots represent individual samples (one per person). p values refer to Wilcoxon rank-sum tests. sNfL=serum
neurofilament light chain.

inherent structural changes in the CNS could also
contribute to higher sNfL concentrations in early years or
reduction of sNfL concentration with age is unknown.
The reported age-adjusted reference ranges in our
paediatric population do not correct for bodyweight or
body-mass index (BMI), by contrast with the largest adult

reference database to date.* Despite limited available
data, we found that adding bodyweight to the function
with age did not improve the statistical models in
children younger than 10-3 years, and while age older
than 10-3 years had no association with sNfL (minimal
slope in the reference curves), the effect of bodyweight
became visible with older age and accounted for a minor
fraction of sNfL variability. In children, age, height, and
bodyweight are expected to have high collinearity. After
height stabilises in late adolescence and early adulthood,
bodyweight change (and thus BMI) could affect sNfL
concentration.”” In our cohort, the comparison of the
magnitude of these effects across the two identified age
ranges highlights the importance of accounting for
age differences in the paediatric population: a small age
change of halfa year in younger children (age <10- 3 years)
had approximately the same magnitude of effect on sNfL
concentrations as did a 10 kg change in bodyweight in
older children and adolescents. Therefore, correcting for
the confounding effect of age can be considered more
important than bodyweight in this population, in whom
neurological diseases can span age ranges of
one to two decades, and for whom a simple linear age-
adjustment is not appropriate. Considering bodyweight
or BMIin generating reference sNfL range is substantially
more important in adults than in the paediatric
population, to potentially avoid misinterpretation of sNfL
concentrations due to abnormally high or low
bodyweight. Conversely, sNfL Z scores express
the deviation from a reference while accounting for
the unique, non-linear, and non-monotonic form of the
association between sNfL and age, allowing for the
detection of subtle, abnormal sNfL elevations that might
otherwise remain obscured by the variability due to age
(eg, in patients in this study with epilepsy or traumatic
brain injury, appendix p 10).

In addition to defining unique physiological variations,
we have shown the applicability of age-adjusted Z scores
in a well defined clinical use case of various paediatric
neurological conditions. Use of the sNfL Z score was
associated with higher effect size metrics than absolute
sNfL concentrations, indicating a superior statistical
power in differentiating healthy children and adolescents

6 www.thelancet.com/neurology Published online July 28,2023 https://doi.org/10.1016/51474-4422(23)00210-7
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from those with the evaluated neurological diseases. This
outcome is especially relevant for studies investigating
novel treatments for rare hereditary or acquired
paediatric  neurological disorders and individual
application.

Our study has some limitations. The effect of
bodyweight on sNfL concentrations was only evaluated
in a subset of participants. Nevertheless, bodyweight was
only weakly associated with sNfL in this population. The
smooth continuity between the paediatric reference
range and adult reference range (with additional BMI
adjustment for adult values) over the evaluated
percentiles supports our approach (appendix p 8). The
dataset also did not enable us to evaluate other
comorbidities, such as renal function or diabetes, which
are known to affect blood NfL concentrations in adults.**
White participants represented the majority of included
participants from the US_,,. cohort, and data on race
were not available for the CoKiBa cohort. Therefore, the
generalisability of our findings to diverse populations
needs to be confirmed in future cohorts.*

In summary, the presently established reference values
for sNfL on the basis of Z scores in the paediatric
population represent a crucial step to overcoming the
constraints of interpreting raw values. The reference
values also provide a foundation for the clinical use of
blood NfL measurements in the paediatric population
and for individual counselling.
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Supplementary Table 1. Comparison of demographic characteristics between subjects with and
without available data on body weight in the USpeqrc dataset.

Subjects with available body

Subjects without

All subjects (n=

weight (n= 378) available body weight | 432)
(n=54)
f/f)ma'e XM, | 914, 56.6% 32,59-3% 246, 56-9%
Age at 15-4 [12-4-17-8] 15-4 [11-2-17-2] 15.4 [12-3-17-7]
sampling
(Ef(og‘;y weight | 57,0 [47.2-69.8] NA 57.0 [47-2-69-8]
SNfL (pg/ml) | 3:9[2:9-5-1] 3-9[2:9-5-1] 3-9[3:15-1]

Values are reported as median and interquartile range if not mentioned otherwise.

Abbreviations: USpeqnc: US Paediatric Multiple Sclerosis Network (healthy controls); sSNfL:

serum neurofilament light chain; NA: not available.




Supplementary Table 2. The statistical association between age, weight and sNfL.

Age arou Adjusted Term Estimate [95% value
ge grotp R? confidence interval] | P
0-138 Age 0-93 [0-89-0-98] 0-006
Age<10-3 | 0.079 Weight | 0-91 [0-84-0-99] 0-033
years old (n=
46) Age 0-95 [0-89-1-01] 0-075
0-125 _
Weight | 0-97 [0-87-1-01] 0-557
0-005 Age 1-01 [1-00-1-03] 0-097
Age>10-3 | 0.027 Weight | 0-96 [0-94-0-99] 0-002
years old (n= A 1-02 [1-0 -1-04] 0-005
332) 0-048 _
Weight | 0-95[0-95-0-98] <0-001

Estimates (multiplicative effects) from individual linear regression models with log(NfL) as
dependent variable. Reading example: In children younger than 10-3 years, SNfL decreases by
approximately 7% per year (model 1; 6-8% in the segmented regression model on all samples,
Figure 1) and adding weight did not further improve the model as indicated by the adjusted R2.
In children older than 10-3 years, weight explained 2-7% of the variance in sSNfL and the effect
was relatively small: on average sNfL was 4% lower per 10kg increase in weight (i.e. an effect
comparable to half a year in age in the younger).

Age: per year; weight: per 10kg.

Abbreviations: sNfL: serum neurofilament light chain.



Supplementary Table 3. Estimated sNfL concentrations (pg/ml) at a given age and percentile
value.

Percentiles

Age (years) |50 8ot 9ot 95t 97.5t ggth
1 7-3 96 11-5 13-7 16-6 22

2 6-7 89 10-6 12-7 15-4 20-4
3 6-2 83 9:9 11-8 14-3 18-9
4 5-8 7-7 9-2 10-9 13-2 17-5
5 5-4 7-1 85 10-2 12-3 16-3
6 5 6-6 7-9 9-5 11-4 15-2
7 4-7 6-2 7-4 8-8 10-7 14-2
8 4-4 5-8 6-9 83 10 13-3
9 41 5.5 65 7-8 9-4 12-5
10 4 5.2 6-2 75 9 12

11 3-8 5.1 6-1 7-3 8-8 11-6
12 3-8 5 6 7-2 8-7 11-5
13 3-8 5 6 7-2 87 11-5
14 3-8 5 6 7-2 87 11-5
15 3-8 5-1 6-1 7-2 87 11-6
16 3-9 5.1 6-1 7-3 8-8 11-7
17 39 5-1 6-1 73 8-9 11-8
18 39 5.2 6-2 7-4 9 11-9
19 4 5-3 6-3 75 9-1 12-1
20 4-1 5-4 6-4 7-7 9-3 12-3

Reading example: A five-year-old with sNfL of 10-2 pg/ml has a value on the 95" percentile, i.e.
only 5% of healthy children of the same age have values as high or higher.

Abbreviations: sSNfL: serum neurofilament light chain.



Supplementary Table 4. Estimated sNfL concentrations (pg/ml) at a given age and Z score.

Z score (2)
Age |Z=-2 Z=-1 Z=0 Z=1 Z=1:5 Z=2 Z=25 Z=3
1 3-8 54 7-3 10-2 12-7 17 26 51.9
2 35 5 6-7 9-5 11-8 15-8 24:1 48-1
3 33 4-6 6-2 8-8 10-9 14-6 22-4 44-6
4 3 4-3 5-8 8-1 10-2 13-6 20-8 41-4
5 2-8 4 54 7-6 9-4 12-6 19-3 385
6 2:6 37 5 7 8-8 11-8 17-9 35-8
7 2-5 3-5 4.7 6-6 8-2 11 16-7 33-4
8 2:3 32 4-4 6-2 77 10-3 15-7 31-3
9 2:2 31 4-1 5-8 7-2 97 14-8 29:5
10 2:1 2:9 4 5-6 6-9 9-3 14-1 28-2
11 2 2:8 3-8 5-4 6-7 9 13-8 274
12 2 2-8 3-8 5-3 6-7 89 13-6 27:1
13 2 2:8 3-8 5-3 6-7 89 13-6 27:1
14 2 2:8 3-8 5-4 6-7 89 13-6 27:2
15 2 2:8 3-8 5-4 6-7 9 13-7 27-3
16 2 2:8 39 5-4 6-7 9 13-8 27:5
17 2 2:9 39 55 6-8 91 13-9 277
18 2-1 2:9 39 55 6-9 92 14-1 28-1
19 2:1 3 4 5-6 7 9-4 14-3 28-5
20 2-1 3 4.1 57 7-1 9.6 14-6 29-1

Reading example: Whereas a SNfL concentration of 6-7 pg/ml represents an average value for a

2-year-old child (mean in healthy controls is Z score 0), this concentration (6-7-6-9 pg/ml)

observed in children between 11 and 18 years represents an elevated sNfL level (Z score of 1-5:

SNfL concentration 1-5 standard deviations above the mean in healthy controls; equivalent to

87" percentile).

Abbreviations: sNfL: serum neurofilament light chain.




Supplementary Figure 1. Flowchart representing sample selection for SNfL reference database.

US Paediatric Multiple
CoKiBa: n=2934 Sclerosis Network healthy
controls: n=665

l i

Available sNfL and Available sNfL and
age: n= 2685 age: n=662
Excluded: n=450
e 148 with SARS-CoV-2 Excluded: n=230
antibodies P o s 230 with primary
e 302 with primary A " systemic or neurological
systemic or neurological conditions
conditions
v \d
Included: n=2235 ‘ [ Included: n=432

i l

sNfL reference database: n=2667

Legend: Sample selection process for inclusion in the SNfL reference database.
Abbreviations: CoKiBa: The Coronavirus antibodies in Kids from Bavaria study; SNfL: serum neurofilament light chain.



Supplementary Figure 2. Distribution of age (A), SNfL (B) and sNfL Z scores (C) in the included control samples from CoKiBa and
USpedHC-

D CoKiBa D USpedrc c

251 0-41

200+
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|

01
50
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04 ’7 L 004 0-0

0 5 10 15 20 1 3 10 30 -50 25 00 25
Age [years] sNfL [pg/ml] sNfL Z score

Legend: Age at sampling overlapped between CoKiBa and USpedHc mainly between 10 and 14 years of age (A). Differences in age
explained differences in absolute sSNfL levels between CoKiBa and USpedrc (B), while SNfL Z scores completely overlapped between

CoKiBa and USpedrc (C; n= 2667 in A, B and C).
Abbreviations: CoKiBa: The Coronavirus antibodies in Kids from Bavaria study; USpedrc: US Paediatric Multiple Sclerosis Network

(healthy controls).



Supplementary Figure 3. sSNfL percentiles reference curves in the paediatric and adult

population.
sNfL percentile 50th 75th 90th == 95th
30
20
E
D
2
=
=
w
10+
O.
0 5 10 15 20 20 30 40 50 60

Age [years] Age [years]

Legend: Combined sNfL percentiles reference curves in paediatric and adult populations® show
smooth continuity between the proposed cut-offs for SNfL percentiles in the two independent
reference populations. A generalized additive model for location, scale, and shape (GAMLSS)
was used to model the non-linear association of SNfL concentration (pg/mL) in controls and age
(from birth to 20 years of age (left) and until the age of 65 (right, published previously?).

Abbreviations: sNfL: serum neurofilament light chain.



Supplementary Figure 4. Screenshot of the SNfL Shiny App for the calculation of age adjusted sNfL percentiles and Z scores in the
paediatric population.

sNfL of 14 pg/ml at 6 years: > 98th percentile
Age [0-20 years]

6 30 sNfL Percentile
50th
NfL level in serum in pg/ml — 90th
95th
14 — 99th
20
[J Show Z-score lines instead of percentiles g
~
[J Show percentile y-axis on log-scale g
. : - X
Show underlying data points from normal controls "Z—
7}
& Download plot as pdf & Download the table 10
| |
| I |
i
| 1 I I i | ! i | i
LT I - ! —
0
0 5 10 15 20
Age [years]
ID Age sNfL Percentile sNfL Z-score
1 6 14 98 2.24

A serum NfL (sNfL) level of 14 pg/ml as measured by the Simoa® NF-light Advantage Kit (HD-X)
from Quanterix® at an age of 6 years corresponds to a SNfL Z-score of 2.24 which is equivalent
to a value > 98th percentile compared to healthy controls. The reference curves are based on
sNfL measurements of 2667 healthy children and adolescents and were calculated using a
GAMLSS model.

Legend: A web application for calculating age-corrected sNfL percentiles and Z scores for the age range 0-20 years and providing a

graphical representation of the individual measurement is available at: https://shiny.dkfbasel.ch/baselnflreference-for-kids.

Abbreviation: sNfL: serum neurofilament light chain.


https://shiny.dkfbasel.ch/baselnflreference-for-kids

Supplementary Figure 5. Comparison of raw SNfL and sNfL Z scores between healthy children
and subgroups of paediatric cases.

=0-39 d=0-91 d=0-91 d=2-14 d=2-31
=0-011  p=0-0079 p=0-0025 p<0-001 p<0-001

[=%

A . d=026  d=05  d=0-63  d=167 d=192 B
p=02  p=0-11  p=0033  p<0:001  p<0-001

o

30 s

sNfL [pg/ml]
sNfL Z score
o

-2

Legend: Application of SNfL Z scores (B) versus absolute SNfL concentrations (A) improved the
detection of abnormally elevated sNfL concentrations in paediatric cases with central nervous
system diseases compared to healthy controls. The effect size of the difference is expressed by
Cohen’s d and p-values refer to individual Wilcoxon rank sum test comparisons. The dashed
horizontal line at Z=0 in 5B represents the expected mean value in the reference population.
Abbreviation: CNS: Central nervous system; HC: healthy controls, MOGAD: Myelin
oligodendrocyte glycoprotein antibody associated disease; POMS: Paediatric onset multiple

sclerosis; sNfL: serum neurofilament light chain.
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Supplementary Figure 6. Evolution of measured sNfL concentration in the reference population
and the estimated average blood volume until the age of 10 years.
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Legend: sNfL concentration (A) decreases with age and shows a strong alignment with the
evolution of calculated average blood volume (B) in healthy children. Estimated blood volume in
ml = weight in kg x age group factor. Average normal weight was extracted from the World
Health Organization reference dataset of weight, height and body mass index? and correcting for
established age factors®#; 0-2 months: 85, 3-12 months: 80, 13-120 months: 75).
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