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Aggressiveness in Amyotrophic
Lateral Sclerosis: An Application of
the D50 Disease Progression Model
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Beatrice Stubendorff’, Otto W. Witte'2 and Julian Grosskreutz'2

" Hans Berger Department of Neurology, Jena University Hospital, Jena, Germany, ? Center for Healthy Ageing, Jena
University Hospital, Jena, Germany

Amyotrophic lateral sclerosis (ALS) is a relentlessly progressive neurodegenerative
disorder. As previous therapeutic trials in ALS have been severely hampered by patients’
heterogeneity, the identification of biomarkers that reliably reflect disease progression
represents a priority in ALS research. Here, we used the D50 disease progression
model to investigate correlations between cerebrospinal fluid (CSF) neurofilament light
chain (NfL) levels and disease aggressiveness. The D50 model quantifies individual
disease trajectories for each ALS patient. The value D50 provides a unified measure
of a patient’s overall disease aggressiveness (defined as time taken in months to lose
50% of functionality). The relative D50 (rD50) reflects the individual disease covered and
can be calculated for any time point in the disease course. We analyzed clinical data
from a well-defined cohort of 156 patients with ALS. The concentration of NfL in CSF
samples was measured at two different laboratories using the same procedure. Based
on patients’ individual D50 values, we defined subgroups with high (<20), intermediate
(20-40), or low (>40) disease aggressiveness. NfL levels were compared between
these subgroups via analysis of covariance, using an array of confounding factors:
age, gender, clinical phenotype, frontotemporal dementia, rD50-derived disease phase,
and analyzing laboratory. We found highly significant differences in NfL concentrations
between all three D50 subgroups (p < 0.001), representing an increase of NfL levels with
increasing disease aggressiveness. The conducted analysis of covariance showed that
this correlation was independent of gender, disease phenotype, and phase; however,
age, analyzing laboratory, and dementia significantly influenced NfL concentration.
We could show that CSF NfL is independent of patients’ disease covered at the
time of sampling. The present study provides strong evidence for the potential of
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NfL to reflect disease aggressiveness in ALS and in addition proofed to remain at stable
levels throughout the disease course. Implementation of CSF NfL as a potential read-
out for future therapeutic trials in ALS is currently constrained by its demonstrated
susceptibility to (pre-)analytical variations. Here we show that the D50 model enables
the discovery of correlations between clinical characteristics and CSF analytes and can
be recommended for future studies evaluating potential biomarkers.

Keywords: amyotrophic lateral sclerosis, neurofilaments, NfL, cerebrospinal fluid, prognostic biomarker

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disorder that is predominately characterized by the progressive
loss of motor neuron function. The clinical presentation of
the disease varies significantly among patients, with atrophy
and weakness as well as spasticity and fasciculations in limb,
bulbar, and thoracic muscles. Despite constant efforts to develop
new disease-modifying therapies, survival for most patients
with ALS is still restricted to 2-5 years after symptom onset
(Paganoni et al., 2014).

As phenotypic variability and disease course variability
represent major constraints to clinical management and
therapeutic trials in ALS, the search for biomarkers that
can accurately predict progression is a current research
priority. Previous therapeutic trials predominantly employed
clinical measures such as long-term survival rates and linearly
approximated declines of the ALS Functional Rating Scale-
Revised (ALSFRS-R) as outcome measures (Petrov et al., 2017).
The detection of significant treatment effects in these trials
requires large sample sizes and consumes time and resources,
which could be improved by specific pharmacodynamic or
prognostic/predictive biomarkers. The importance of such
biomarkers has been underlined in the recently revised Airlie
House consensus criteria for clinical trial development in ALS
(Van Den Berg et al., 2019).

Cerebrospinal fluid (CSF) neurofilaments are promising
candidate biomarkers with prognostic implications in ALS.
Neurofilaments constitute the main structural components
of motor axons. Following neuroaxonal damage, increased
concentrations of neurofilament light chain (NfL) and
phosphorylated neurofilament heavy chain (pNfH) have been
reported in both CSF and blood in various neurologic disorders
(Khalil et al., 2018). While CSF pNfH has demonstrated greater
diagnostic accuracy (Poesen et al., 2017), the concentration of
NfL in the CSF of ALS patients reportedly correlates with both
survival (Zetterberg et al., 2007; Pijnenburg et al., 2015; Gaiani
et al,, 2017; Gong et al., 2018; Illan-Gala et al., 2018; Rossi et al.,
2018; Scarafino et al., 2018; Schreiber et al., 2018; Kasai et al.,
2019; Abu-Rumeileh et al., 2020) and the disease progression

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, Amyotrophic
Lateral Sclerosis Functional Rating Scale-Revised; ANCOVA, analysis of
covariance; CSE, cerebrospinal fluid; ELISA, enzyme-linked immunosorbent assay;
FTD, frontotemporal dementia; LMN, lower motor neuron; MiToS, Milano-
Torino Staging System; NfL, neurofilament light chain; pNfH, phosphorylated
neurofilament heavy chain; rD50, relative D50; SD, standard deviation; UMN,
upper motor neuron.

rate (Tortelli et al., 2012; Lu et al., 2015; Menke et al., 2015;
Steinacker et al., 2016, 2018b; Gaiani et al., 2017; Poesen et al.,
2017; Andres-Benito et al,, 2018; Gong et al., 2018; Rossi et al,,
2018; Scarafino et al., 2018; Schreiber et al., 2018; Abu-Rumeileh
et al., 2020). These findings suggest that CSF NfL concentrations
at baseline may allow early stratification of patients in clinical
trials according to anticipated progressiveness, thereby reducing
clinical heterogeneity and enabling the detection of significant
treatment effects even in smaller ALS patient cohorts.

However, the exact role of NfL in ALS is not yet entirely
understood, and several challenges hamper its routine use as
a biomarker in clinical trials. CSF NfL has been reported to
correlate not only with the rate of disease progression but
also with the clinical status at the time of lumbar puncture,
as assessed by clinical scores or imaging measures of disease
severity (Tortelli et al., 2012; Steinacker et al., 2016, 2018b; Gong
et al., 2018; Scarafino et al., 2018). This raises the question of
whether CSF NfL reflects cumulative neuroaxonal damage rather
than the rate of neuroaxonal breakdown. As patients with faster
disease courses have typically reached a more advanced disease
stage at the time of sampling (sampling shift), these factors are
inextricably intertwined in ALS patient cohorts. The temporal
profile of CSF NfL throughout the disease course remains to be
more precisely elucidated. The few available longitudinal studies
on CSF NfL in patients with ALS comprised rather small sample
sizes and reported inconsistent results (Lu et al., 2015; Steinacker
et al.,, 2016; Poesen et al., 2017; Skillback et al., 2017; Benatar
et al,, 2018; Huang et al., 2020). Furthermore, the concentration
of NfL in the CSF may be influenced by several other factors,
including the presence of frontotemporal dementia (FTD) (Illan-
Gala et al., 2018; Steinacker et al., 2018a), different ALS genotypes
(Zetterberg et al., 2007; Huang et al., 2020), or the predominant
affection of upper motor neurons (UMNs) rather than lower
motor neurons (LMNs) (Rosengren et al., 1996; Gaiani et al,
2017; Schreiber et al., 2018).

An additional concern is the interlaboratory variation of
CSF NfL measurements (Oeckl et al., 2016; Gray et al., 2020),
as validation of biomarkers and translation into clinical trials
require multicenter confirmation.

In an attempt to address the mentioned uncertainties
regarding the prognostic role of CSF NfL in ALS, we applied
the D50 disease progression model (Poesen et al., 2017; Prell
et al., 2019; Steinbach et al., 2020) in a large-scale cross-sectional
cohort. As the model addresses the phenotypic heterogeneity
inherent to the disease and reduces the noise associated with
the ALSFRS-R, this approach may help uncover the effect of
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disease aggressiveness on CSF neurofilament levels in a clinically
diverse ALS patient cohort, while simultaneously controlling
for the potential influence of disease accumulation at the
time of sampling.

MATERIALS AND METHODS

Participants

All participants were recruited from the neuromuscular center
at the University Hospital of Jena, Germany, between 2013 and
2020. The participants provided written and informed consent
prior to study commencement, and the study was approved
by the local ethics committee (Nr 3633-11/12). Two hundred
seventy-three participants with available CSF NfL measurements
were identified from our local specialized neuromuscular disease
database. Based on clinical disease histories, a total of 238
participants could be allocated to one of the four following
condition groups: (a) non-neurological controls (n = 15); (b)
disease controls (n = 56), suffering from neurologic disorders
other than ALS; (c) ALS mimics (n = 11), with other conditions
that shared symptomatology with an ALS disease course; and (d)
patients with ALS (n = 156) (Supplementary Table 1). Of the
initial 185 ALS patients, 29 patients were excluded, either because
fewer than two ALSFRS-R assessments were available (n = 16), or
because the Gold Coast criteria for the diagnosis of ALS (Shefner
et al., 2020) were not fulfilled (n = 13). From a total of 62 disease
controls, six were excluded because of an uncertain diagnosis
(n = 5) or acute intracranial bleedings (n = 1).

Diagnosis and Phenotypic

Characterization of Patients With ALS

One hundred fifty-six patients fulfilled the recently defined
Gold Coast criteria for the diagnosis of ALS at the time of
CSF sampling (Shefner et al., 2020) and had a minimum of
two ALSFRS-R scores obtained throughout the disease course.
According to the revised El Escorial criteria at the time of
lumbar puncture, ALS patients had either suspected, possible,
laboratory-supported probable, probable, or definite ALS (Brooks
et al., 2000). According to the evaluation of the entire disease
history of these patients, they presented with one of the following
clinical phenotypes: classic, bulbar, pyramidal, flail arm, flail
leg, or respiratory or pure LMN, according to the classification
by Chié et al. in 2011 (Chio et al, 2011). The diagnosis of
clinically overt frontotemporal dementia (FTD) was made by
experienced neurologists at the University Hospital Jena based on
clinical observations. All 6 patients diagnosed with FTD fulfilled
the original Strong diagnostic criteria for the diagnosis of FTD
(Strong et al., 2009, 2017).

We also estimated the number of regions (bulbar, cervical,
thoracic, or lumbar) with UMN and/or LMN involvement at
the time of CSF sampling. The four regions were evaluated
clinically and electromyographically according to the revised El
Escorial and Awaji criteria (Brooks et al., 2000; de Carvalho et al.,
2008). Hence, ALS patients were divided into categories of one
(none or one region), two (two regions), or three (three or four
regions) regions affected by UMN and/or LMN degeneration.

ALS patients were also classified according to (a) the King’s
staging system (Roche et al., 2012) and (b) the Milano-Torino
Staging System (MiToS) (Chio et al., 2015), both calculated using
the ALSFRS-R closest to the time of CSF sampling. The King’s
staging system allocates patients to stages I (involvement of one
clinical region) to IV (respiratory or nutritional failure), whereas
the MiToS System describes stages 0 (functional involvement) to
IV (loss of independence in four domains) (Roche et al., 2012;
Chio et al., 2015).

The D50 Disease Progression Model

To assess the impact of clinical characteristics of patient’s
ALS disease course on CSF NfL, the D50 disease progression
model was applied (Poesen et al, 2017; Prell et al, 2020;
Steinbach et al., 2020). The D50 model was chosen because it
provides quantitative measures of disease aggressiveness, distinct
from parameters of disease accumulation, and thus provides
a framework to interpret associations with any biomarker
(Figure 1). The model uses regularly assessed ALSFRS-R scores
of each individual patient to calculate a sigmoidal state transition
from full health to functional loss. Here, we applied an adaptation
of the model that allows a variable presymptomatic phase of
supratotal functionality up to 6 months prior to symptom onset.
This approach accounts for the known uncertainties in the exact
time point of first symptoms as reported by the patients, as well as
a presymptomatic breakdown of motoric functional reserves. The
resulting sigmoidal curve can be characterized by (a) the value
D50, which describes the time taken in months from symptom
onset to reach halved functionality, and (b) the dx, the time
constant of functional decline. Because dx and D50 correlate
linearly (Figure 1C), the D50 value alone provides a meaningful
descriptor of patients” overall disease aggressiveness.

The ALS patient cohort could thus be divided into three
groups of (a) high (0 < D50 < 20), (b) intermediate
(20 < D50 < 40), and (c) low (40 < D50) disease aggressiveness.
A normalization of patient’s real-time sigmoidal disease trajectory
to D50 yields the parameter relative D50 (rD50), an open-ended
reference scale where 0 signifies disease onset and 0.5 the time
point of halved functionality (Figure 1B). The rD50 provides an
individualized time scale of accumulated disease (independent
of disease aggressiveness) and was calculated for the individual
time point of lumbar puncture. Patients with ALS could thus
also be grouped into one of the following three phases: the early
semistable phase I (0 < rD50 < 0.25), the early progressive phase
I1 (0.25 < rD50 < 0.5), and the late progressive and stable phase
(I/1v) (0.5 < rD50).

For comparability with former studies, we also calculated the
more traditionally used linear disease progression rate at the time
of CSF sampling, defined as (48 - ALSFRS-R at sampling)/disease
duration in months (Figure 1E).

CSF Collection and Analysis

All CSF samples were collected via lumbar puncture at the
Department of Neurology, Jena University Hospital. The samples
were centrifuged, aliquoted, and stored at —80°C within 2 h
after lumbar puncture. NfL concentration was assessed using
the commercially validated IBL International enzyme-linked
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FIGURE 1 | Principles and parameters of the D50 model: (A) based on consecutively obtained ALSFRS-R scores (dots), a sigmoidal functional decline curve is
calculated. The value D50 depicts the individual time in months since symptom onset until halved functionality, indicating the overall disease aggressiveness of each
individual patient. The curves represent three example patients with either high (D50 = 14.56 months, in red), intermediate (D50 = 29.88 months, in orange), or low
disease aggressiveness (D50 = 46.84 months, in green). (B) Normalization of patient’s individual sigmoidal curves by D50 vyields the parameter relative D50 (rD50).
rD50 describes the individual disease covered and facilitates the comparison of vastly differing progression types. (C) The parameter D50 linearly correlates with the
time constant of ALSFRS-R decline (dx) in this, as well as in other ALS cohorts. Thus, D50 alone can be used to describe patients’ disease aggressiveness.
(D) Histograms of pertinent disease variables for the patients of the current cohort (NfL cohort), as well as all ALS patient data available in our center (whole cohort).
It illustrates that the current cohort well coincides with the entire ALS patient cohort treated at our center. (E) Scatterplots of patients’ disease progression rate and
disease duration at the time of sampling, subdivided by the three D50 subgroups in our cohort: (a) high (0 < D50 < 20, in red), (b) intermediate (20 < D50 < 40, in
orange), and (c) low (40 < D50, in green) disease aggressiveness. It illustrates large variations of the disease progression rate, especially within the high aggressive
subgroup. Bars indicate median and interquartile range. ALS, amyotrophic lateral sclerosis; ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating
Scale-Revised; rD50, relative D50; NfL, neurofilament light chain.
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immunosorbent assay (ELISA) kit at two different European
laboratories: (a) in Germany (n = 140) and (b) in Belgium
(n = 99). All samples and standards were assayed in duplicate
and in accordance with manufacturer instructions; intra-assay
and interassay variations were <10%, and <20%, respectively.

Statistical Analysis

Statistical analyses were performed using the SPSS® Statistics
software program (v27.0.0.0 IBM®, Chicago, IL, United States).
For graphical representation of data, GraphPad Prism was
used (v9.0.0 for Windows, GraphPad Software, San Diego, CA,
United States). Normal distribution of variables was assessed with
the Shapiro-Wilk test. Normal distribution of NfL concentration
was achieved via log transformation, and log[NfL] was used for
parametric testing. Two-sample ¢-tests were used for comparison
of Log[NfL] concentrations between ALS patients and control
groups. Receiver operating characteristic curves were used
to calculate the sensitivity and specificity of CSF NfL for
differentiating ALS from the control groups. The optimal cutoff
was calculated with the Youden Index.

To evaluate differences in NfL concentrations between
different ALS subgroups, a one-way analysis of covariance
(ANCOVA) was applied, followed by pairwise post hoc tests
with Bonferroni correction. For the comparison of low,
intermediate, and high disease aggressiveness subgroups, the
following covariates were applied: age, sex, FTD, laboratory of
NfL measurement, clinical phenotype, and disease phase.

In our ALS cohort, a significant sampling shift occurred,
which was previously observed in other cohorts analyzed using
the D50 model (Table 1): patients with slow and intermediate
progression were still in the earlier phases of the disease at the
time of sampling, whereas patients with fast progression had
already reached later disease phases by the time they were referred
to our center, and lumbar puncture was performed. Therefore,
the covariate disease phase did not meet the assumption
for ANCOVA of homogenous distribution over the three
subgroups. We therefore conducted an additional ANCOVA in
a filtered ALS cohort, in which patients of all disease phases
were equally distributed throughout the three aggressiveness
subgroups (Supplementary Table 2).

A one-way ANCOVA was conducted to compare CSF
Log[NfL] concentration of the three disease phases, while
controlling for disease aggressiveness, FTD, clinical phenotype,
age, gender, and laboratory of measurement.

Linear regression analysis and Spearman correlation was
used to assess correlations between NfL, D50, and rD50 at
the time of sampling. Pearson correlation was used to assess
correlation between paired Log[NfL] measurements from the two
centers in Germany and Belgium. Differences between CSF NfL
concentrations of ALS patients with and without FTD were tested
with a Mann-Whitney U test.

For survival analyses, ALS patients were divided into
three groups with low (Log[NfL] < 3.651), intermediate
(3.651 < Log[NfL] < 4.149), and high (4.149 < Log[NfL])
CSF NfL concentrations, with cutoffs derived from the
estimated marginal means of our previously described
ANCOVA (comparing disease aggressiveness subgroups).

The Kaplan-Meier method was used for survival analyses, and
subgroups were compared with a log-rank test. 97 patients
(13 with low, 51 with intermediate, and 33 with high CSF NfL
levels) reached the endpoint death or tracheostomy, whereas the
remaining 59 patients were censored. Statistical significance was
defined as p < 0.05.

RESULTS

Diagnostic Performance of CSF NfL in ALS

Cerebrospinal fluid Log[NfL] levels were significantly higher in
the ALS group (mean = 3.87, SD = 0.37) as compared to the
non-neurological control (mean = 2.72, SD = 0.27, p < 0.001),
disease control (mean = 3.18, SD = 0.38, p < 0.001), and ALS
mimic groups (mean = 3.20, SD = 0.19, p < 0.001). When
distinguishing ALS from disease controls, the area under the
curve (AUC) was 0.895 (0.849-0.9413), sensitivity was 87.8%,
and specificity was 78.6% at a cutoff of 2,946.00 pg/mL. For
the differentiation between ALS and ALS mimics, the AUC was
0.941 (0.897-0.985), sensitivity was 91.0%, and specificity was
90.9% at a cutoff of 2,259.55 pg/mL. A cutoff of 1,620.5 pg/mL
distinguished ALS patients from non-neurological controls with
a sensitivity of 96.15% and specificity of 100% [AUC = 0.993
(0.984-1.002)] (Figure 2).

Cerebrospinal fluid NfL levels did not significantly differ
between different ALS phenotypes [F(6,149) = 0.925, p = 0.479].
Patients with FTD had significantly higher CSF NfL levels relative
to those without FTD (U = 208.0, Z = -2.23, p < 0.05).

Cohort of Patients With ALS

Detailed demographic and clinical data of ALS patients are
shown in Table 1. Age, gender, and laboratory of analysis did
not significantly differ between patients with high, intermediate,
or low disease aggressiveness. The rD50 at the time of lumbar
puncture, as well as the rD50-derived disease phase, showed
significant differences between these three subgroups, as patients
with lower disease aggressiveness were still in the earlier phases
of the disease due to the sampling shift. Accordingly, the
more traditionally used disease metrics, namely, the ALSFRS-
R, the Kings and MiToS stages, the stage of diagnostic
certainty according to the revised El Escorial criteria (Brooks
et al, 2000), the disease duration (time between symptom
onset and lumbar puncture), and the disease progression rate,
differed significantly between the three subgroups. Other disease
characteristics, such as ALS phenotype, presence of FID, or
Riluzole intake, were homogenously distributed throughout the
three subgroups.

CSF NfL Predicts Disease

Aggressiveness

The ANCOVA showed a significant main effect for CSF Log[NfL]
(pg/mL) concentrations of the three disease aggressiveness
subgroups [F(2,147) = 30.055, p < 0.001]. Post hoc pairwise
comparisons of the estimated marginal means showed that CSF
Log[NfL] was highest in the highly aggressive disease subgroup
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TABLE 1 | Demographic and clinical data for patients with ALS (n = 156).

Disease aggressiveness P
High Intermediate Low
(D50 < 20) (20 < D50 < 40) (D50 > 40)
n 43 61 52

Neurofilament light chain (NfL) measurements

NfL (pg/mL)% 14,500.0 8,959.67 4,426.69 <0.001*
(7,883.0-24,680.0) (4,410.5-12,157.5) (2,879.5-7,333.5)
Laboratory: Germany/Belgium 29/14 35/26 40/12 0.253
67.4%/32.6% 57.4%/42.6% 76.9%/23.1%

Demographics

Age at lumbar puncture 64.3 £ 9.54 63.33 £ 10.47 61.42 +£ 10.95 0.384
Gender:Male/female 23/20 37/24 34/18 0.514
53.5%/46.5% 60.7%/39.3% 65.4%/34.6%

D50 disease progression model parameters

D50% 13.62 (9.40-16.14) 28.81 (23.07-31.73) 62.58 (46.12-96.61) -
rD50% 0.37 (0.23-0.45) 0.23 (0.17-0.32) 0.18 (0.10-0.32) <0.001*
Phase 1 (D50 < 0.25) 11 (25.6%) 32 (52.2%) 33 (63.5%) 0.001*
Il (0.25 < rD50 < 0.5) 27 (62.8%) 27 (44.3%) 19 (36.5%)
1AV (D50 > 0.5) 5 (11.6%) 2 (3.3%) 0 (0%)

Traditional disease metrics

ALSFRS-R at lumbar puncture® 35 (29-40) 41 (38.50-44) 42 (39.25-45.75) <0.001*
Disease progression rate® 1.64 (1.05-2.30) 0.60 (0.46-0.74) 0.21 (0.13-0.33) <0.001*
Disease duration at lumbar puncture (mo)$ 8 (2-18) 13 (4-38) 23.50 (5-212) <0.001*
King’s stage | 10 (23.3%) 20 (32.8%) 21 (40.4%) 0.008*
I 11 (25.6%) 24 (39.9%) 24 (46.2%)
Il 17 (39.5%) 12 (19.7%) 7 (13.5%)
IVa 3 (7%) 1(1.6%) 0 (0%)
Vb 2 (4.7%) 4 (6.6%) 0 (0%)
\ 0 (0%) 0 (0%) 0 (0%)
MiToS stage 0 21 (48.8%) 52 (85.2%) 46 (88.5%) <0.001*
| 18 (41.9%) 7 (7%) 6 (11.5%)
I 4 (9.3%) 2 (3.3%) 0 (0%)
n-v 0 (0%) 0 (0%) 0 (0%)
ALS phenotype Classic 21 (48.8%) 38 (62.3%) 33 (63.5%) 0.058
Bulbar 18 (41.9%) 19 (31.1%) 9 (17.3%)
Pyramidal 3 (7%) 4 (6.6%) 5(9.6%)
Respiratory 1(2.3%) 0 (0%) 0 (0%)
Flail arm 0 (0%) 0 (0%) 3 (5.8%)
Flail leg 0 (0%) 0 (0%) 1(1.9%)
Pure LMN 0 (0%) 0 (0%) 1(1.9%)
Revised El Escorial criteria Definitive 10 (23.3%) 3 (4.9%) 1(1.9%) <0.001*
Probable 22 (561.2%) 33 (564.1%) 19 (36.5%)
Laboratory-supported 8 (18.6%) 20 (32.8%) 18 (34.6%)
probable
Possible 3 (7%) 3 (4.9%) 9 (17.3%)
Suspected 0 (0%) 2 (3.3%) 5(9.6%)
Presence of FTD: yes/no 2/41 3/58 1/51 0.671
4.7%/95.3% 4.9%/95.1% 1.9%/98.1%
(Continued)
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TABLE 1 | Continued

Disease aggressiveness

P
High Intermediate Low
(D50 < 20) (20 < D50 < 40) (D50 > 40)
Riluzole treatment: yes/no 42/1 60/1 49/3 0.671
97.7%/2.1% 98.4%/1.6% 94.2%/5.8%

Continuous variables with normal distribution are expressed as mean with standard deviation. Categorical variables are expressed as number and percentage. For the
comparison of demographic and clinical variables among the three aggressiveness subgroups, analyses of variance, Kruskal-Wallis tests, y° tests, or Fisher—Freeman—

Halton exact tests were applied where appropriate.

$Non—parametr/c nominal variables, represented as median and interquartile range.

*Statistical significance at p < 0.05.

ALS, amyotrophic lateral sclerosis; ALSFRS-R, Revised ALS Functional Rating Scale; FTD, frontotemporal dementia; LMN, lower motor neuron; MiToS, Milano—Torino

Staging System, NfL, neurofilament light chain; rD50, relative D50.
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FIGURE 2 | (A) NfL concentrations in cerebrospinal fluid were significantly higher in the ALS group compared to each control group (p < 0.001 for each pairwise
comparison). (B) Demographic and clinical data of the four condition groups are expressed as either median with interquartile range or as number and percentages.
Receiver operating characteristic curves illustrate the diagnostic performance of NfL in distinguishing ALS from disease controls (C), ALS mimics (D), and
non-neurological controls (E). ALS, amyotrophic lateral sclerosis; AUC, area under the curve; NfL, neurofilament light chain.

(mean 4.149), lower in the intermediate aggressiveness
subgroup (mean = 3.857) and lowest in patients with low
disease aggressiveness (mean = 3.651; p < 0.001 for all pairwise
comparisons) (Figure 3). The covariates age, [F(1,147) = 12.451,
p < 0.001], laboratory of analysis [F(1,147) = 13.748, p < 0.001],
and FTD [F(1,147) = 6.176, p = 0.014] were also significantly
related to CSF Log[NfL], whereas gender, disease phenotype, and
phase showed no impact.

The main effect of disease aggressiveness on Log[NfL]
remained in a similar ANCOVA for the filtered cohort (with
homogenous distribution of disease phases over the three

aggressiveness subgroups). Most importantly, the disease phase
did not have a significant effect on Log[NfL] concentrations
(Supplementary Table 3).

There was a negative correlation between the D50 parameter
and CSF NfL (p < 0.001, p = -0.553) (Figure 4A). The linear
regression analysis showed that 31.3% of the variation in CSF
NfL can be explained by the D50 parameter (R* = 0.313,
Log[NfL] 4.734 - 0.581 x Log[D50], p < 0.001). This
correlation remained significant when analyzing patients in
disease phases I and II separately (phase I: n = 76, p < 0.001,
p = -0.528, phase II: n = 73, p < 0.001, p = —0.521). Patients in
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FIGURE 3 | CSF NfL differs significantly between patients with (a) high

(0 < D50 < 20, in red), (b) intermediate (20 < D50 < 40, in orange), and (c)
low (40 < D50, in green) disease aggressiveness. This effect remained
significant after controlling for clinical phenotype, presence of frontotemporal
dementia, age, gender, disease phase, and laboratory of measurement in an
ANCOVA (p < 0.001). Post hoc pairwise comparisons of the estimated
marginal means confirmed an increase of NfL levels with increasing disease
aggressiveness (low: 4,477.13, intermediate: 7,194.49, high: 14,092.89;

p < 0.001 for all pairwise comparisons). Bars indicate median and interquartile
range. ANCOVA, analysis of covariance; NfL, neurofilament light chain.

phase III/IV showed a similar tendency of negative correlation,
but did not reach statistical significance, most likely due to the
small sample size (n =7, p < 0.337, p = —0.429).

CSF NfL Is Independent of Disease

Phase and Number of Affected Regions

There was no significant main effect of disease phase on
Log[NfL] concentrations [F(2,147) = 1.692, p = 0.188] in the
respective ANCOVA, but the covariates disease aggressiveness
F(1,147) = 61.032, p < 0.001), age [F(1,147) = 13.603,

p < 0.001], laboratory of analysis [F(1,147) = 13.927,
p < 0.001], and FID [F(1,147) = 6.284, p = 0.013] showed
a significant impact.

For the whole ALS patient cohort, a correlation between CSF
NfL and rD50 was noted (p = 0.005, p = 0.224); however, this did
not retain significance when stratifying patients into the three
D50 subgroups (Figure 4B). This calculated correlation of CSF
NfL with rD50 is thus likely attributable to the aforementioned
cohort-specific intercorrelation between the parameters rD50
and D50, resulting from the sampling shift (p < 0.001, p =-0.432)
(Supplementary Figure 1).

There were no significant differences in the CSF Log[NfL]
concentration when stratifying patients according to the number
of regions with UMN [F(2,153) = 2.858, p = 0.060] or LMN
[F(2,153) = 0.659, p = 0.519] involvement at the time of
sampling. Also, in combination, the number of regions with
UMN and/or LMN affection did not have a significant effect on
the CSF Log[NfL] concentrations [F(2,153) = 1.403, p = 0.249]
(Supplementary Table 4).

CSF NfL Predicts Survival in Patients
With ALS

Kaplan-Meier survival curves and log-rank tests showed
significant differences in survival [¥2(2) = 56.505, p < 0,001],
when trichotomizing the ALS patients into groups with high
(n = 36), intermediate (n = 77), and low (n = 43) CSF
Log[NfL] concentrations based on disease aggressiveness—
adjusted marginal means (Figure 5).

Interlaboratory Variation and Paired
Sample Comparison

Cerebrospinal fluid samples from 57 patients with ALS were
pairwise analyzed in both laboratories. The mean coefficient
of variation of CSF NfL measurements between laboratories
was 21.19% (SD = 24.75) for these 57 samples. There was
a strong positive correlation between paired CSF Log[NfL]

A
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4.5
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E .
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FIGURE 4 | (A) There was a negative correlation between the D50 parameter and CSF NfL (o < 0.001, p = -0.553). Linear regression analysis showed that 31.3% of
the variation in CSF NfL can be explained by the D50 parameter (R2 = 0.313, Log[NfL] = 4.734 - 0.581 x Log[D50]; p < 0.001). (B) Stratification of patients into the
three aggressiveness subgroups (based on D50) reveals that there is no significant correlation of CSF NfL with rD50. CSF, cerebrospinal fluid; rD50, relative D50;

NfL, neurofilament light chain.
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FIGURE 5 | Kaplan-Meier survival curves and log-rank test showed significant
differences in survival [x2(2) = 56.505, p < 0.001], when trichotomizing the
ALS patients into groups with high (n = 36), intermediate (n = 77), and low

(n = 43) CSF NfL concentrations. Estimated marginal means of the previously
described analysis of covariance were used for the subdivision of ALS
patients into groups with high (Log[NfL] > 4.149), intermediate

(8.651 < Log[NfL] < 4.149), and low (Log[NfL] < 3.651) CSF NfL
concentrations. Of the 156 ALS patients included in the survival analysis, 97
patients (13 with low, 51 with intermediate, and 33 with high CSF NfL levels)
reached the endpoint death or tracheostomy, whereas the remaining 59
patients were censored. ALS, amyotrophic lateral sclerosis; CSF,
cerebrospinal fluid; NfL, neurofilament light chain.

measurements from both laboratories (r = 0.918, p < 0.001)
(Supplementary Figure 2).

DISCUSSION

In the present study we showed that CSF NfL levels in
ALS patients significantly differ between patients according
to their D50-derived disease aggressiveness. In addition to
interlaboratory variation, significant effects for age and FID on
CSF NfL concentrations were also noted. However, the rD50
value and the derived disease phase did not influence NfL levels.

Associations between CSF NfL and the disease progression
rate in ALS have been previously proposed (Tortelli et al,
2012; Lu et al., 2015; Menke et al., 2015; Steinacker et al,
2016, 2018b; Poesen et al., 2017; Andres-Benito et al., 2018;
Gong et al., 2018; Scarafino et al., 2018; Schreiber et al., 2018;
Abu-Rumeileh et al., 2020). However, the interpretation of
these analyses remained constrained, because of the incomplete
evaluation of confounding factors that influence NfL levels
and/or the lack of longitudinal validation studies. Moreover,
former results were limited to correlations with single disease
metrics, such as the disease progression rate or the ALSFRS-R.
This neglects the huge interindividual heterogeneity of disease
courses in ALS, requiring a quantifiable framework within
which to interpret patients’ individualized disease trajectories and
putative biomarkers.

We therefore applied the D50 model that provides
quantifications for both measures of disease aggressiveness
(D50), as well as the amount of disease covered (rD50, phase)
at the time of CSF sampling to generate a large-scale pseudo-
longitudinal analysis. This allowed us to demonstrate that CSF

NfL is increased in patients with higher disease aggressiveness,
even after adjustment for interlaboratory variation, age, gender,
ALS phenotype, presence of FID, and disease phase at the
time of sampling. Former studies showed correlations between
CSF NfL and linearly approximated progression rates. Most
of these studies calculated the decline in ALSFRS-R from
symptom onset until CSF sampling (Tortelli et al,, 2012; Lu
et al.,, 2015; Menke et al., 2015; Steinacker et al., 2016, 2018b;
Poesen et al, 2017; Andres-Benito et al., 2018; Gong et al,
2018; Scarafino et al., 2018; Schreiber et al., 2018) or from
symptom onset until disease diagnosis (Gaiani et al, 2017;
Rossi et al., 2018). However, linear mixed-effects models
using consecutively obtained ALSFRS-R scores have also
been used to demonstrate associations with CSF NfL levels
(Huang et al., 2020).

All these studies presume a linear decline of the ALSFRS-R
score over time, despite prior observations that the rate of decline
varies with disease progression and follows a curvilinear course
(Gordon et al., 2010). Moreover, the calculation of progression
rates based on a single score is highly susceptible to the known
intrarater and interrater variability associated with ALSFRS-R
assessments (Bakker et al., 2020). We therefore propose that the
D50 model provides a more accurate representation of clinical
progression, as it calculates an individualized sigmoidal curve of
functional deterioration for each patient (Poesen et al., 2017; Prell
et al., 2020; Steinbach et al., 2020).

The association between CSF NfL and survival in our ALS
cohort further substantiates the ability of this biomarker to reflect
prognosis in these patients and is in accordance with previous
studies on CSF NfL and survival in ALS (Zetterberg et al., 2007;
Pijnenburg et al., 2015; Gaiani et al., 2017; Gong et al., 2018; Illan-
Gala et al., 2018; Rossi et al., 2018; Scarafino et al., 2018; Schreiber
et al., 2018; Kasai et al., 2019).

The lack of a significant effect of the disease phase on NfL
levels indicates that CSF concentrations remain longitudinally
stable throughout the disease course. This suggests that any
baseline NfL measurement is able to predict patients’ disease
aggressiveness, independent of the time point of CSF sampling.
While longitudinal studies on CSF NfL concentrations in ALS
would be best suited to support this observation, these are
scarce and mostly comprise small numbers of patients. Some
longitudinal studies reported rather stable levels throughout
the disease course (Benatar et al., 2018; Huang et al., 2020),
but slightly decreasing (Steinacker et al., 2016) and increasing
concentrations in specific subpopulations of ALS patients (Lu
et al., 2015; Poesen et al., 2017; Skillback et al., 2017) have been
reported as well.

Several longitudinal studies following presymptomatic ALS-
causing mutation carriers until the occurrence of manifest disease
have aided in the understanding of the temporal profile of
CSF NfL concentrations (Benatar et al., 2018, 2019). In these
studies, while asymptomatic patients initially had CSF NfL
concentrations similar to controls, increases were observed more
than a year prior to phenoconversion (defining a presymptomatic
stage) (Benatar et al., 2018, 2019). Recent findings also suggest
that the duration of this presymptomatic stage may differ in
accordance to the patient’s survival (Benatar et al., 2019).
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Studies have also reported correlations between CSF NfL
and the ALSFRS-R at the time of sampling (Tortelli et al.,
2012; Steinacker et al., 2016, 2018b; Gong et al., 2018; Scarafino
et al,, 2018), suggesting that NfL reflects cumulative neuroaxonal
damage (disease accumulation) rather than the rate of neuronal
breakdown (i.e., aggressiveness). We would like to emphasize
that both aspects (disease accumulation and aggressiveness)
are inherently interdependent in ALS cohorts, as patients with
higher disease aggressiveness typically have reached a more
advanced disease phase at the time of referral to ALS centers
(sampling shift).

Moreover, most studies on neurofilaments performed
univariate analyses to assess associations between clinical metrics
and CSF NfL concentrations and neglected possible confounders.
In one multivariate study by Gaiani et al., a repeated-measures
ANCOVA was performed to investigate the effects of CSF NfL,
ALS subtype, age, disease progression rate, gender, and cognitive
impairment on longitudinal ALSFRS-R and MiToS scores. It
was shown that all covariates, except cognitive impairment,
exhibited significant effects on the functional-impairment scores
(Gaiani et al., 2017). Another recent study investigated the effect
of several clinical predictors of prognosis (including age, sex,
CI90OREF?72 status, site of onset, baseline ALSFRS-R, and disease
progression rate) on the ALSFRS-R slope in a multivariate
model and demonstrated that serum NfL adds prognostic
value to the model, but a comparable analysis on CSF NfL
was lacking (Benatar et al., 2020). However, to the best of our
knowledge, no former study has used multivariate analysis to
probe the impact of several disease-specific variables on CSF
NfL levels in ALS.

The present study provides strong evidence that CSF NfL
reflects overall disease aggressiveness in ALS, independent of
disease accumulation. This supports the concept that NfL and,
more broadly, neurofilament proteins reflect disease activity.
They might be directly linked to the pathophysiological process
itself rather than being a collateral by-product of neuronal
degeneration (Julien, 2001; Petzold, 2005). NfL may thus be used
to directly monitor the therapeutic effects of neuroprotective
or other disease-modifying drugs in clinical trials, where a
positive therapeutic effect may be reflected by a reduction in
the rate of release of NfL into the CSF. There is currently a
growing momentum for the implementation of neurofilaments
as secondary endpoints in such trials, with first promising
findings in ALS (Miller et al., 2020), as well as spinal muscular
atrophy patients (Olsson et al., 2019) under disease-modifying
treatments. Our data suggest that CSF NfL represents a suitable
monitoring biomarker for ALS that might be sensitive to
therapeutic regimens aimed at decreasing disease aggressiveness.
However, future longitudinal studies would be needed to
assess its potential as an outcome measure for long-term
treatment in ALS.

Besides disease aggressiveness, three covariates exhibited
statistically significant effects on CSF NfL levels of ALS patients.
In accordance with previous studies, age showed a positive
association with CSF NfL (Véigberg et al., 2015; Gong et al., 2018;
Steinacker et al., 2018b; Sun et al., 2020). This most likely reflects
the degenerative process in the brain associated with normal

aging, which leads to a slowly progressive rise of neurofilaments
in the CSF. The ELISAs were performed in two different
laboratories, and the site of analysis showed a statistically
significant impact on NfL concentrations in the CSF. Stability
issues of NfL measurements have been reported in previous
multicentric studies on NfL and have been related, inter alia,
to differences in perianalytical procedures (Petzold et al., 2010;
Oeckl et al,, 2016; Gray et al., 2020). This underlines the necessity
for the implementation of standard operating procedures and
round-robin tests. However, the coefficient of variation between
measurements of both participating laboratories in this study
was lower than previously reported for the same ELISA kit
(Petzold et al., 2010; Miller et al., 2016; Gray et al., 2020), and the
interlaboratory variations did not obscure the highly significant
effect of disease aggressiveness on CSF NfL. Higher NfL levels in
ALS patients with a concomitant diagnosis of FID in our study
are also in accordance with previous reports (Illin-Gala et al.,
2018; Steinacker et al., 2018a).

We did not find a significant association between CSF NfL and
the number of regions affected by UMN or LMN degeneration
at the time of CSF collection. This further corroborates the
notion that NfL levels are independent of disease accumulation.
Previous studies, however, have reported conflicting results.
CSF NfL was reported to increase with increasing number of
regions affected by both UMN and LMN degeneration (Poesen
et al.,, 2017); several studies also showed that NfL correlated
with UMN burden (defined clinically or by neuroimaging) but
not with the extent of LMN damage (Menke et al, 2015;
Gong et al., 2018; Schreiber et al.,, 2018). Conversely, a recent
study identified a significant association of NfL with the number
of regions affected by LMN degeneration, but not UMN damage
(Abu-Rumeileh et al., 2020).

This study is not without limitations. Comprehensive genetic
profiles were not available for the entire ALS cohort. Given
that CSF NfL levels are reported to be higher in patients with
C9orf72 mutations (Huang et al, 2020) and lower in those
with SODI mutations (Zetterberg et al., 2007), this may also
represent a confounding factor. Further studies are needed
to clarify if genotype-specific differences exist independent
of disease aggressiveness, as, for example, C9rf72 expansion
carriers are known to have a worse prognosis relative to patients
with sporadic ALS or other familial mutations (Miltenberger-
Miltenyi et al., 2019; Rooney et al., 2019). The presence of
clinically overt FTD was assessed, but this should be examined
in more detail in future studies, as previous data have indicated
links between cognitive deterioration and NfL levels (Illan-
Gala et al., 2018; Delaby et al., 2020). Furthermore, this study
is limited to the analysis of NfL concentrations in the CSF.
Owing to recent technical advances, assessment of serum NfL
is becoming increasingly available and holds promise as a
prognostic biomarker for ALS (Benatar et al., 2020). However,
future large-scale studies with matched assessments in both
serum and CSF are necessary to adequately compare the
prognostic potential of NfL in both biofluids. While serum and
CSF levels of NfL are known to correlate well (Gille et al., 2019;
Benatar et al., 2020), the considerably less invasive manner of
collection speaks in favor of using blood biomarkers. However,
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taking into consideration the proximity of CSF to the key
pathological processes in ALS, we posit that CSF analyses should
still play an important role in future research, as relevance has
been demonstrated in this and other studies. Furthermore, a
baseline lumbar puncture constitutes an essential step in the
diagnostic workup of any patient with (suspected) ALS. Future
studies should also incorporate pNfH and multicenter data, in
order to fully explore the biomarker potential of neurofilaments.

Given the number of pseudolongitudinal CSF NfL data points
analyzed in this study, our findings provide strong evidence
for the ability of CSF NfL to reflect the rate of neuroaxonal
degeneration in ALS and its potential to serve as a biomarker in
future clinical trials. We show that the D50 progression model is
an easily applicable and precise tool for investigating associations
between biomarkers and clinical parameters in a heterogeneous
ALS cohort. We recommend the use of this model for future ALS
biomarker studies.
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