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Abstract

Elevated cerebrospinal fluid (CSF), Neurofilament Light (NF-L) and phosphorylated Heavy (pNF-H) chain levels have been
found in Amyotrophic Lateral Sclerosis (ALS), with studies reporting a correlation of both neurofilaments (NFs) with the
disease progression. Here, we measured NF-L and pNF-H concentrations in the CSF of ALS patients from a single ter-
tiary Center and investigated their relationship with disease-related variables. A total of 190 ALS patients (Bulbar, 29.9%;
Spinal, 70.1%; M/F = 1.53) and 130 controls with mixed neurological diseases were recruited. Demographic and clinical
variables were recorded, and AFS was used to rate the disease progression. Controls were divided into two cohorts: (1)
patients with non-inflammatory neurological diseases (CTL-1); (2) patients with acute/subacute inflammatory diseases and
tumors, expected to lead to significant axonal and tissue damage (CTL-2). For each patient and control, CSF was taken at
the time of the diagnostic work-up and stored following the published guidelines. CSF NF-L and pNF-H were assayed with
commercially available ELISA-based methods. Standard curves (from independent ELISA kits) were highly reproducible
for both NFs, with a coefficient of variation < 20%. We found that CSF NF-L and pNF-H levels in ALS were significantly
increased when compared to CTL-1 (NF-L: ALS, 4.7 ng/ml vs CTL-1, 0.61 ng/ml, p < 0.001; pNF-H: ALS, 1.7 ng/ml vs
CTL-1, 0.03 ng/ml, p < 0.0001), but not to CTL-2. Analysis of different clinical and prognostic variables disclosed meaning-
ful correlations with both NF-L and pNF-H levels. Our results, from a relatively large ALS cohort, confirm that CSF NF-L
and pNF-H represent valuable diagnostic and prognostic biomarkers in ALS.
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Introduction

Neurofilaments light chain (NF-L) and heavy chain (NF-H)
are important, neuron-specific, cytoskeletal proteins present
in the cell bodies and axons, which ensure structural stability
and axonal polarization of these cells [1]. They are encoded
by two independent genes, located on chromosome 8p21 and
Electronic supplementary material The online version of this 22q12.2, respectively [1, 2].

article (https://doi.org/10.1007/s00415-017-8730-6) contains Growing evidence indicates that NF-L and phosphoryl-
supplementary material, which is available to authorized users. ated NF-H (pNF-H) are non-specific markers of axonal dam-
age, which are reported to be increased in cerebrospinal fluid
(CSF) and blood of several neurodegenerative disorders [1,
3-16]. In particular, increased CSF and blood NF-L lev-
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severely disabling and rapidly progressive disorder, due to
the degeneration of the upper and lower motor neurons. Sur-
vival is relatively short, being some 3 years from symptom
onset [18].

A biological marker for ALS is, therefore, highly needed,
both for diagnosis (about 7% of ALS diagnoses actually turn
out to be other diseases [19]) and for monitoring the disease
progression. ALS diagnosis and evaluation of disease pro-
gression are in fact mainly based on a clinical ground [20,
21]. Furthermore, a biomarker for ALS might represent a
useful quantitative end-point for clinical trials.

Given the evidence that cortical (upper) motor neurons
(UMN) and bulbar/spinal (lower) motor neurons (LMN)
have relatively long axons, much effort has been devoted
to assay the levels of NF-L and/or pNF-H in the patients’
biological fluids (i.e., CSF and blood), as markers of axonal
degeneration in ALS [2, 11, 22].

Several reports have found that both neurofilaments are
increased in the CSF and blood [3, 23-35], leading to the
suggestion that these intermediate filaments might represent
useful biomarkers to differentiate ALS from either ALS-
mimics [23, 27, 31] or other neurological and neurode-
generative diseases [3, 11, 24, 26, 32]. Furthermore, it has
been shown that NF-L might have prognostic relevance, as
the increased blood and CSF levels seem to correlate with
a shorter survival [29, 33-35]. These data raised the key
question as to whether blood and/or CSF neurofilament light
chain and phosphorylated heavy-chain proteins are now
ready to enter into the clinic as: (1) biomarkers for ALS
diagnosis, and (2) biochemical outcome measures in clinical
trials [11, 36].

In this retrospective study, we assessed the diagnostic
relevance of CSF NF-L and pNF-H levels by comparing a
relatively large cohort of ALS patients, from a single tertiary
center, with controls affected by other neurological diseases.

Controls were further divided into two cohorts, i.e., (1)
patients with different non-acute and/or progressive dis-
eases affecting the Peripheral (PNS) or the Central Nervous
System (CNS); and (2) patients with acute/subacute inflam-
matory diseases of the nervous system and brain tumors/
metastases, which are expected to lead to significant axonal
and tissue damage.

Patients and methods

All patients involved in this study (ALS and disease con-
trols) underwent a lumbar puncture during the diagnostic
work-up. An informed written consent was signed accord-
ing to the current guidelines of our University Hospital
“P Giaccone”, Palermo. The informed consent contains a
statement that “the biological material may also be used
for research purposes”. The study protocol was approved

by our institutional Ethics Committee. All the clinical and
biological assessments were carried out in accordance with
the World Medical Association Declaration of Helsinki.

ALS patients and disease controls

This study included 190 sporadic ALS patients (of which
10 were associated with frontotemporal dementia, ALS-
FTD) and 130 controls affected by other neurological disor-
ders. Enrollment was performed in two cohorts during the
diagnostic work-up at the ALS Clinical Research Center,
Department of Experimental Biomedicine and Clinical Neu-
rosciences (BioNeC), University of Palermo, Italy, between
2006 and 2016.

All ALS patients underwent genetic testing for the major
ALS-related genes, i.e., FUS, TARDBP, SOD1, Angiogenin,
C9orf72. Patients with familial ALS and/or with mutation/
expansions of the above genes were not included in this
study.

Clinical follow-up of the control subjects was performed
for at least 6 months. ALS patients were regularly followed
up at the ALS Clinical Research Center with periodic visits
at 3—6 months interval.

Patients with ALS were diagnosed according to El-
Escorial revised criteria [20], complemented by the Awaji
neurophysiological criteria [37]. In patients with associated
ALS-FTD, the dementing disease was diagnosed according
to the current consensus criteria [38, 39].

Severity of symptoms was scored with the revised ver-
sion of the ALS Functional Rating Scale (ALSFRS-R) [21],
where the higher score (48 points) indicates the absence of
functional deficits and the lower score (0 points) defines
a locked-in patient with permanent mechanical ventilation.
Disease progression was evaluated with the AFS, identi-
fied by the following formula: (ALSFRS-R at onset — ALS-
FRS-R at time of diagnosis)/diagnostic delay (months)
[40]. According to the AFS, three rates of progression
could be calculated, i.e., slow (AFS < 0.5), intermediate
(AFS > 0.5-< 1), and rapid (AFS > 1). Seated Forced Vital
Capacity (FVC %) was used to assess respiratory function.

ALS patients were submitted to lumbar puncture and cer-
ebrospinal fluid analysis as routine procedure of the diag-
nostic work-up. All functional evaluations were made at the
time of the diagnostic work-up, which in our ALS population
occurs some 1 year after the clinical onset [41].

Controls were patients with heterogeneous neurological
disorders, who were also submitted to lumbar puncture and
cerebrospinal fluid analysis during their diagnostic work-up.
We did not include in this study patients with Alzheimer
disease and other dementias, Parkinson disease and atypical
parkinsonism, and adult-onset neurogenetic disorders (e.g.,
spinocerebellar ataxias, Huntington disease, hereditary spas-
tic paraplegia, etc.).
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The control cohort was divided into two groups, accord-
ing to pathogenesis: (1) the control group 1 (CTL-1, n = 82)
includes different non-inflammatory, non-acute onset neu-
rological disorders (see: S-Table 1 for a full list). Note that
CTL-1 includes patients with ALS-mimic diseases (in
Italic in the list); (2) the control cohort 2 (CTL-2, n = 48) is
formed by patients with acute/subacute inflammatory dis-
orders and tumors/metastases of the nervous system (see:
S-Table 2 for a full list). These disorders usually give sig-
nificant neuronal/axonal death or degeneration and, thus, an
increased level of cytoskeletal proteins is expected.

Demographic and clinical characteristics of the ALS
patients and the two control cohorts are presented in Table 1.

For subgroup biomarker analysis, patients with ALS
were divided into three phenotypes, according to the site of
onset (spinal vs bulbar; the term spinal-onset includes also
patients with respiratory-onset and generalized-onset) and to
the presence of an associated frontotemporal dementia. The
demographic and clinical characteristics of the spinal-onset
ALS (ALS-S), bulbar-onset ALS (ALS-B), and patients with
associated ALS-FTD are shown in Table 2. Note that in the
ALS-FTD group, which included eight ALS-S and two
ALS-B, the dementia always preceded the onset of motor
symptoms.

A cognitive and/or behavioral impairment was, however,
present in some 40% of our non-demented ALS population

Table 1 Clinical and

. . Variable ALS (n=190) CTL-1 (n =82) CTL-2 (n = 43) P
demographic characteristics
of the ALS patients and the Age at onset 64 (57-71) 64 (52-72) 63 (56-72) 0.34*
f;fgisvfocggggs’a‘i‘cvgf;ig o Sex (M/F) 1.53 1.82 1.28 0.18%*
pathogenesis Education (years) 8 (5-13) 8 (4-13) 8 (5-14) 0.64*
Diagnostic delay (months) 12 (7-20) 24 (16-45) 0 (0-0.5)° < 0.001*
Onset®
Spinal, n (%) 70.1 n.a.
Bulbar, n (%) 29.9 n.a.
ALSFRS-R* 38 (30-42) n.a.
AFS 0.75 (0.41-1.66) n.a.
FVC %* 83 (63-99) n.a.

Data are expressed as median with interquartile ranges

CTL-1 non-inflammatory neurological disorders; CTL-2 inflammatory/autoimmune neurological disorders
and tumors/metastases of the Central Nervous system, n.a. not applicable

“Evaluation at diagnosis

®Include patients with ALS and frontotemporal lobar dementia (ALS-FTD)

“Diagnostic delay less than 3 weeks is counted as 0

*Kruskal-Wallis One-Way Analysis of Variance on Ranks

**Chi square

Table 2 Clinical and
demographic characteristics

of different subgroups of ALS
patients enrolled for this study

@ Springer

Variable ALS-S (n=123) ALS-B(n=57) ALS-FTD (n=10) p

Age at onset 63 (57-71) 65 (58-71) 65 (55-71) 0.76%*
Sex (M/F) 1.03 2.00 0.20%*
Education (years) 8 (5-13) 8 (5-13) 8 (6-12) 0.85%*
Diagnostic delay (months) 12 (7-20.5) 11 (7-16) 35 (17-36) 0.030*
ALSFRS-R (first evaluation) 38 (29-42) 38 (31-42) 34 (27-40) 0.73%*
AFS 0.76 (0.37-2.00) 0.76 (0.48-1.43)  0.74 (0.34-1.05) 0.69*
FVC % 83 (66-101) 76 (38-92) 78 (65-86) 0.055*

Data are expressed as median with interquartile ranges

ALS-S spinal onset (this group includes 5 patients with respiratory onset and two patients with Brait—Fahn—
Schwartz disease), ALS-B bulbar-onset, ALS-FTD patients with associated frontotemporal lobar dementia
(this group includes eight ALS-S and two ALS-B)

*Kruskal-Wallis One-Way Analysis of Variance on Ranks

**Chi square
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(Spataro et al., unpublished results), a result consistent with
the current literature [42—45].

CSF collection and analysis

CSF was collected between 8:00 a.m. and 10:00 a.m. by
lumbar puncture during the diagnostic work-up from both
fasted ALS patients and disease controls. Each sample was
processed within 1 hr from collection by centrifugation,
and then aliquoted in small polypropylene tubes following
standard procedures [46]. All aliquots were coded to ensure
anonymity, and stored at — 80 °C until further analysis. The
collected CSFs from ALS and control patients underwent
routine analysis, which included cell (leukocyte) count
(cells/mm?), total protein (mg/dl) and glucose (mg/dl) quan-
tification, the CSF/serum albumin concentration ratio (Q,;,),
and evaluation of oligoclonal bands.

The CSF parameters of the ALS patients and the two con-
trol cohorts are shown in Table 3. While the glucose level
was comparable between groups, the total protein, the Q,;
and the number of cells (lymphocytes) were significantly
higher in the CTL-2 group.

Neurofilament assays

Single-batch ELISA kits from two different commercial
sources were used for the NF-L assays (i.e., MyBioSource,
San Diego, USA and UmanDiagnostics AB, Umea, Sweden).

For pNF-H determinations, we used a single-batch ELISA
kit from BioVendor Research and Diagnostic Product, Czech
Republic.

Analyses were performed according to each manufac-
turer’s instructions.

All samples from ALS patients and disease controls
(CTL-1 and CTL-2) were coded, so that the analyst was

unaware of any patient specific clinical and demographic
data.

Determination of NF-L

Samples were diluted 1:2 and run in duplicate, together with
freshly prepared standards. For both ELISA kits, absorbance
measurements were carried out at 450 nm with a reference
wavelength set at 630 nm, using a EuroClone plate reader.

Determination of pNF-H

Samples were diluted 1:3 and 1:10 with dilution buffer, and
run in duplicate, together with freshly prepared standards.
Absorbance values were determined by reading the plates at
450 nm, with the reference wavelength set to 630 nm, using
a BioTek plate reader.

Calculation of the neurofilament levels and quality
control tests

CSF NF-L and pNF-H levels for all groups were calculated
by referring to the corresponding standard curves. Repro-
ducibility of the results was assessed by calculating the aver-
age coefficient of variation (CV) within plates and between
plates.

The mean intra-assay CV was < 10%, whereas the inter-
assay CV was < 15% for both NF-L and pNF-H.

Statistical analysis

Analysis of data was carried out with SIGMAPLOT 12.0
software package (Systat Software Inc., San Jose, CA, USA),
GRAPHPAD PRISM 5.01 software (GraphPad Inc., La

Table 3 Cerebrospinal fluid

. . Parameters ALS (n = 190) CTL-1 (n=82) CTL-2 (n =48) P
parameters in ALS patients
and in the two disease control Proteins (mg/dl) 41 (29-54) 44 (33-56) 51 (42-83) < 0.05%
groups Glucose (mg/dl) 61 (55-67) 62 (55-68) 62.5 (53-82) 0.41%
Cells (lymphocytes) 1.2 (0.8-2.0) 1.2 (0.8-6.4) 8.0 (2-32) < 0.05*
Oligoclonal bands (y/n) 20/170 2/80 4/44 0.081%%*
Qb 5.24 (2.1-8.9) 6.04 (1.9-9.7) 11.6 (2.9-19.1) < 0.05%*

Data are expressed as median with interquartile ranges

Data for proteins, glucose, no of cells and Q,, are expressed as median with interquartile ranges (between

parentheses)

y/n = bands present (type 2 or 3)/bands absent; values indicate the number of patients

CTL-1 non-inflammatory neurological disorders, CTL-2 inflammatory neurological disorders and tumors/
metastases of the Central Nervous system

*Kruskal-Wallis One-Way Analysis of Variance on Ranks with post hoc Dunn’s analysis (CTL-2 vs ALS

and CTL-1)

**Chi square
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Jolla, CA, USA), and XLSTAT 2017 software (Addinsoft
Inc., New York, NY, USA).

Receiver Operating Characteristic (ROC) curves were
used to calculate the sensitivity and specificity of the NF-L
and pNF-H data in the CSF of ALS patients vs different con-
trol subgroups (i.e., CTL-1, CTL-2, ALS-mimics). The opti-
mal cutoff was calculated with the Youden Index. For each
cutoff, sensitivity, specificity, the area under curve (AUC)
with 95% confidence interval (CI), the likelihood ratio (LR)
and the predictive values were analyzed with XLSTAT 2017
software.

Demographic and biochemical variables and neurofila-
ment levels in ALS and control groups were expressed as
median with interquartile ranges (IQR).

Nonparametric data comparisons were performed using
Mann—Whitney Rank Sum Test or, where appropriate,
with the Kruskal-Wallis One-Way Analysis of Variance on
Ranks.

Differences between groups were evaluated using the Chi
square test. Survival data were expressed as median with
IQR. Survival analysis was restricted to cases with survival
time < 120 months, to better represent the ALS population,
and performed with the Kaplan—-Meier method. Survival
curves were compared with the Log-Rank test.

All correlations were analyzed with Spearman’s Rank
Correlation Coefficient.

p values < 0.05 were considered significant.

Results

The concentrations of NF-L and pNF-H were assessed in the
CSF of ALS patients and of a relatively large cohort of con-
trol patients, with heterogeneous neurological diseases. The
control cohort was further divided into two main subgroups,
according to the disease etiopathogenesis (see “Patients and
methods” section).

While all assessments of pNF-H were carried with the
same ELISA kit (i.e., Biovendor), CSF NF-L levels were
initially assayed using a commercial ELISA Kit from
MyBioSource. Preliminary evaluation of this kit showed
a very good reproducibility for both the standard curve and

the sample analysis (S-Table 3 and S-Table 4). However,
we were surprised to detect no differences in CSF NF-L
concentrations between ALS and the two control groups
(Table 4).

CSF pNF-H levels were instead increased in ALS with
respect to both CTL-1 and CTL-2 controls; however, only
the difference in the pNF-H levels between ALS and CTL-1
reached significance [ALS: 1.7 ng/ml (IQR = 0.76-3.17)
vs CTL-1: 0.03 ng/ml (IQR = 0.00-0.31); p < 0.05,
Kruskal-Wallis One-Way ANOVA on Ranks with post hoc
Dunn’s analysis, Table 4].

The evidence that CSF NF-L levels in ALS, assayed with
the MyBioSource ELISA Kkit, were not significantly differ-
ent from the two control groups was in striking contrast
with previously published works, carried out with different
ELISA kits, both home-made or from commercial sources
[3, 10, 11,22-24, 26, 30, 31, 33-35]. In particular, the com-
mercial UmanDiagnostics ELISA kit (producer: UmanDi-
agnostics AB, Umed, Sweden; distributor: IBL, Hamburg,
Germany) was the most frequently chosen to quantify NF-L
[16, 24, 30-32, 34, 35].

We, therefore, adopted the ELISA kit from UmanDiag-
nostics AB to replicate the NF-L assessments in the CSF
of our ALS patients and in the two control disease groups.
The results were completely different because, using this
tool, the median NF-L levels were significantly higher
in the ALS cohort when compared to the CTL-1 group
[ALS: 4.7 ng/ml (IQR = 1.18-7.98) vs CTL-1, 0.61 ng/
ml (IQR = 0.31-2.67); p < 0.05, Kruskal-Wallis One-Way
ANOVA on Ranks with post hoc Dunn’s analysis, Table 4].
Conversely, no significant differences were found in the
NF-L levels between ALS and CTL-2.

These data suggest that neurofilaments are not reliable
biomarkers when ALS is compared to diseases in which an
acute/subacute neuronal/axonal damage or death is a main
feature.

A further remarkable conclusion from these experiments
is that NF-L levels in the CSF may greatly vary in relation-
ship to the ELISA kit used to make the assay. We postulate
that the discrepancy we found between kits may be ascribed
to the different affinity of the kit-specific antibodies for NF-L
protein.

Table 4 CSF Neurofilament
light chain (NF-L) and

Variable

ALS (n = 190)

phosphorylated heavy-chain
(pNF-H) levels in ALS patients
and in the two control groups,
CTL-1 and CTL-2

NF-L (ng/ml)
MyoBioSource kit
UmanDiagnostics kit

pNF-H (ng(ml)

2.14 (1.35-3.30)
4.70 (1.18-7.98)
1.70 (0.76-3.17)

CTL-1 (n = 82) CTL-2 (48) p

2.04 (1.25-3.39) 3.09 (1.12-4.59) 0.12%
0.61 (0.31-2.67) 5.20 (0.57-8.32) < 0.05%
0.03 (0.00-0.32) 0.82 (0.00-3.47) < 0.05*

For the NF-L assay, two ELISA kits from different commercial sources were compared. Data are expressed

as median with interquartile ranges

*Kruskal-Wallis One-Way Analysis of Variance on Ranks, with post hoc Dunn analysis (ALS vs CTL-1)
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Given that the UmanDiagnostics ELISA kit for the CSF
NF-L assessment gave results consistent with the published
literature [16, 24, 34, 35], all subsequent experiments were,
therefore, carried out with this commercial tool.

To supplement the analysis of CSF neurofilaments in
ALS, we measured NF-L and pNF-H levels in patients
divided into two subgroups according to the site of onset
(i.e., ALS-S and ALS-B). ALS-FTD was analyzed as a sepa-
rate cohort. Table 5 shows that CSF neurofilaments do not
discriminate ALS patients according to the site of onset,
or to the presence of an associated dementia. Nevertheless,
both neurofilament levels appeared lower in the ALS-FTD
group, though the difference did not reach significance.

As the diagnostic delay (DD) in ALS-FTD is significantly
longer than in ALS-S or ALS-B (Table 2), we hypothesized
that the lower levels of neurofilaments in this ALS subgroup
might be related to this variable. The Spearman correlation
analysis actually confirmed the existence of a small, how-
ever, significant, inverse correlation between the diagnostic
delay and CSF neurofilaments (DD vs NF-L: r = — 0.20,
p =0.006; DD vs pNF-H: r = — 0.25, p = 0.0006).

CSF NF-L and pNF-H levels were then studied in ALS
according to different demographic and clinical variables.
As shown in Table 6, both neurofilament levels were unre-
lated to age or sex. However, we observed a clear-cut rela-
tionship between rate of disease progression, as measured by
AFS [40], and both NF-L and pNF-H levels. ALS patients
were categorized into three subgroups, according to AFS,
i.e., slow (< 0.5), intermediate (> 0.5-< 1), and rapid (> 1)
progression, which was found to inversely correlate with
survival in our cohort (S-Fig. 1). For both neurofilaments,
CSF levels were significantly different in the three progres-
sion cohorts, with higher levels found in the rapid progress-
ing patients (Table 6). The Spearman correlation analysis
further confirmed the positive relationship between AFS and
CSF NF-L and pNF-H levels (NF-L, r = 0.312, p = 0.00001;
pNF-H, r =0.315, p = 0.00001, Fig. 1).

Taken together, the above results strongly suggest that
both CSF neurofilaments may have a prognostic value, the
higher levels at diagnosis being predictive of a relatively
short survival.

To further confirm this hypothesis, we performed sur-
vival curves of ALS patients dichotomized according to

the median CSF values of NF-L or pNF-H. Kaplan—-Meier
curves showed that survival is significantly shorter for
patients with higher CSF NF-L or pNF-H levels at diagnosis
(Fig. 2). Note that the CSF NF-L and pNF-H levels in ALS
showed a positive correlation (NF-L vs pNF-H, n = 190,
r=0.70, p = 0.0000002, S-Fig. 2), indicating that a patient
with a high level of one neurofilament is likely to have a high
level of the other neurofilament protein too.

We conclude that both CSF NF-L and pNF-H levels at
diagnosis have a prognostic value in ALS, and they might be
adopted as important surrogate biomarkers in clinical trials.

The CTL-1 group included also some ALS-mimics, that
is, diseases which may enter into the differential diagno-
sis with ALS (i.e., cervical spondylotic myelopathy, motor
neuropathy/plexopathy, multifocal motor neuropathy,
S-Table 1). CSF neurofilament levels of patients with ALS
were, therefore, compared with the CTL-1 subgroup of ALS
mimics.

As shown in Fig. 3, the CSF levels for both neurofila-
ments were once again higher in ALS than in the ALS-mim-
ics (Fig. 3a, NF-L: ALS, 4.7 ng/ml [IQR = 1.18 — 7.98] vs
ALS-mimics, 1.11 ng/ml [IQR = 0.46 — 4.60], p < 0.001,
Mann-Whitney Rank Sum Test; Fig. 3b, pNF-H: ALS,
1.70 ng/ml [IQR = 0.76 — 3.17] vs ALS-mimics, 0.30 ng/
ml [IQR = 0.00 — 1.23], p < 0.001, Mann—Whitney Rank
Sum Test).

To study the sensitivity and specificity of the observed
differences in CSF neurofilament levels between ALS and
controls, we performed several ROC analyses. First, we
asked which cutoff value of both CSF neurofilaments would
better discriminate between ALS and non-inflammatory/
non-tumor neurological diseases (CTL-1).

The ROC curves shown in Fig. 4 indicate that the best
cutoff value for neurofilament levels to distinguish the two
groups is as follows: (1) NF-L, 1.838 ng/ml with an AUC
of 0.775 CI (0.713-0.837), sensitivity 76.3% and specific-
ity 72.8% and a Youden index of 0.49 (Fig. 4a); (2) pNF-H,
0.460 ng/ml with an AUC of 0.869 CI (0.814-0.924), sen-
sitivity 84% and specificity 82.9% and a Youden index of
0.669 (Fig. 4b).

The ROC values for the two neurofilament biomarkers
to discriminate ALS vs all different control subgroups (i.e.,
CTL-1, CTL-2, and ALS-mimics) are instead summarized

Table 5 CSF Neurofilament light chain (NF-L) and phosphorylated heavy-chain (pNF-H) levels in ALS, grouped according to different pheno-

types

Variable Spinal-onset (n = 123) Bulbar-onset (n = 57) ALS-FTD (n = 10) P
NF-L (ng/ml) 4.23 (1.52-7.92) 4.96 (2.20-8.02) 3.63 (1.31-8.33) 0.78*
pNF-H (ng/ml) 1.68 (0.69-3.32) 1.88 (1.13-3.14) 0.95 (0.32-1.69) 0.13%

Data are expressed as median with interquartile ranges
*Kruskal-Wallis One-Way Analysis of Variance on Ranks

@ Springer



516

Journal of Neurology (2018) 265:510-521

@ Springer

Table 6 CSF Neurofilament light chain (NF-L; UmanDiagnostics kit) and phosphorylated heavy-chain (pNF-H) levels in ALS according to age of onset, sex and the rate of disease progression

(AFS), according to Kimura et al. 2006 [40]

Rate of progression (AFS)

Sex

Age at onset (years)

Neurofila-

ment (ng/ml)

Rapid > 1 (n=72)

Intermedi-

Slow < 0.5 (n = 60)

M (n=115) F(n=175)

(n = 100)

> 64

< 64 (n=90)

ate > 0.5-< 1
(n=58)

0.19% 276 (1.01-6.61) 4.50 (2.31-7.33)  7.18 (2.94-8.60) < 0.001%*
2.29 (1.05-3.78)

5.53(2.30-7.97)

4.01 (1.18-8.00)

0.41%*

3.91 (1.56-7.87)

4.84 (2.07-8.20)

NF-L

< 0.001**

1.86 (0.95-3.02)

0.67*  1.17 (0.28-2.64)

1.83 (0.91-3.06)

0.98*  1.61 (0.71--3.37)

171 (0.77-3.14)  1.70 (0.75-3.25)

pNF-H

Data are expressed as median with interquartile ranges

*Mann—Whitney Rank Sum Test

**Kruskal-Wallis One-Way Analysis of Variance on Ranks

in Table 7. Both NF-L and pNF-H cutoff values yielded
a grading of AUC, sensitivity and specificity, in which
differentiation of ALS from controls was as follows:
CTL-1 > ALS-mimics > CTL-2.

We conclude that both neurofilaments show a relatively
good performance as diagnostic biomarkers for ALS to dis-
criminate this motor neuron disorder from non-inflamma-
tory/non-degenerative/non-tumor disease controls (CTL-1)
and, with less extent, from ALS-mimics. pNF-H appears
slightly more efficient than NF-L.

Discussion

Our study aimed to characterize the diagnostic and prognos-
tic performance of the CSF levels of two neurofilaments in
ALS, i.e., NF-L and pNF-H.

We demonstrated that both cytoskeletal proteins are sig-
nificantly increased in the CSF of ALS patients with respect
to controls affected by different neurological diseases. In
particular, NF-L and pNF-H were able to efficiently dis-
criminate ALS vs controls affected by other neurological
disorders, not specifically linked to progressive neuronal
cell death/axonal damage or acute inflammation (i.e., the
CTL-1 cohort). pNF-H showed better sensitivity and speci-
ficity than NF-L, with a higher AUC (0.869 pNF-H vs 0.775
NF-L).

These results add to the growing literature in the field [3,
10, 11, 22-24, 26, 30, 31, 33-35], and they strongly support
a role for these two cytoskeletal proteins as very promising
biomarkers in ALS.

When ALS patients were compared to disease controls
with significant neuronal cell death/axonal damage due to
different causes (i.e., tumors, metastases, inflammation; the
CTL-2 cohort), the ability of the CSF neurofilaments to dis-
criminate between the two groups was greatly reduced. The
median CSF levels of NF-L and pNF-H were in fact not
different between ALS and CTL-2, with the ROC analy-
sis showing reduced specificity and AUC values for both
neurofilaments.

This clearly demonstrates that neurofilaments are non-
specific markers of those diseases characterized by neuronal
cell death/axonal degeneration, especially when evolving at
arelatively fast pace. ALS is a disease whose natural history
is generally shorter than other neurodegenerative disorders,
like Alzheimer disease or Parkinson disease. Only few other
neurodegenerative diseases, e.g., multisystem atrophy and
prion encephalopathies, show a disease progression compa-
rable to, or even more aggressive than, ALS. In these disor-
ders, growing evidence show that CSF neurofilaments and
other cytoskeletal proteins, like the Tau protein, are strongly
increased [16, 47, 48].
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Fig. 1 Correlation between CSF neurofilament levels and disease
progression (AFS). Disease progression positively correlated with
both CSF NF-L (a) and pNF-H (b) levels. NF-L and pNF-H data are
expressed in ng/ml and AFS is determined with the following for-

Fig.2 CSF NF-L and pNF-H
levels at diagnosis have a prog-
nostic value in ALS. Kaplan—
Meier survival curves of ALS
patients stratified according to
the median CSF values of NF-L
(4.7 ng/ml) or pNF-H (1.7 ng/
ml) at diagnosis. Statistical
analysis shows a significantly
shorter survival of patients with
higher CSF NF-L or pNF-H lev-
els (p < 0.001; Log-Rank test)
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p <0.001

==

r=10.315, p = 0.00001
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AFS

mula: (ALSFRS-R at onset — ALSFRS-R at time of diagnosis)/diag-
nostic delay (months). Correlation is performed using the Spearman
Rank Correlation Coefficient and linear regression analysis
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Y — 21.7ng/ml
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04

0,2

0,0 T T
20 40

— p<0.001
14 - o

12
10 -

8 4

.

NF-L (ng/ml) 3

6.
4 4

2.
0.

.

<

0,0 T T T T 1

Time (months) Time (months)

: 11
e

pNF-H (ng/ml)
ao oo

ALS ALS-mimics

Fig.3 CSF NF-L and pNF-H levels represent useful biomarkers
to differentiate ALS from ALS-mimic patients. ALS-mimics are
included in the CTL-1 control group and show diseases that may
enter into the differential diagnosis of ALS (i.e., cervical spondy-
lotic myelopathy, motor neuropathy, multifocal motor neuropathy,
see S-Table 1 for more details). CSF NF-L (a) and pNF-H (b) levels

ALS ALS-mimics

are significantly higher in ALS patients when compared to the ALS-
mimics group. Data are expressed in ng/ml [NF-L: ALS: 4.7 ng/ml
(IQR = 1.18-7.98), ALS-mimics: 1.11 ng/ml (IQR = 0.46-4.60)
p < 0.001; pNF-H: ALS: 1.70 ng/ml (IQR = 0.76-3.17), ALS-mim-
ics: 0.30 ng/ml (IQR = 0.00-1.23), p < 0.001, Mann—Whitney Rank
Sum Test]
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Fig.4 ROC curves of CSF NEF-L pNF-H
NF-L and pNF-H to discrimi-
nate between ALS and CTL-1 1 1
patients. ROC curve analyses A i —* B i
have been performed to deter-
; 08 0.8 -
mine levels of CSF neuro- o o
filaments that best differentiate “5'-1 0.6 ’/" 06 A
ALS versus non-inflammatory/ B , :_,?_1
non-tumor neurological diseases 2 04 2 04 -
(CTL-1). Data are expressed R e i
in ng/ml; AUC area under the 0.2 - ’ 0.2
curve, CI 95% confidence inter- A
val, NPV negative predictive 0 T T T T 1 0 T T T T |
value, PPV positive predictive 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
value Specificity Specificity
Cutoff = 1.838 ng/ml Cutoff = 0.460 ng/ml
AUC=0.775 CI (0.713-0.837) AUC =0.869 CI (0.814-0.924)
Sensitivity = 76.3% CI (69.8-81.7) Sensitivity = 84% CI (78.1-88.5)
Specificity = 72.8% CI (62.9-81.0) Specificity = 82.9% CI (73.2-89.6)
NPV =58.8% NPV =68.7%
PPV =85.8% PPV =92.1%
Likelihood ratio = 2.806 Likelihood ratio = 4.921
Youden Index = 0.491 Youden Index = 0.669
Table 7 Receiver Operating ROC values ALS [190] vs CTL-1 [82] ~ALS [190] vs CTL-2 [48] ~ALS [190] vs ALS mimics [31]
Characteristic (ROC) values for
the biomarkers Neurofilament NF-L
Light-Chain (NF-L) and Cutoff (ng/ml) 1.83 1.47 1.54
phosphorylated Neurofilament
Heavy-Chain (pNF-H) showing AUC 0.775 CI (0.713-0.837) 0.542 CI (0.437-0.648) 0.694 CI (0.572-0.817)
their diagnostic ability to Sensitivity 76.3% CI (69.8-81.7) 79.2% CI (72.9-84.3) 78.2% CI (71.2-83.5)
discriminate ALS vs different Specificity 72.8% CI (69.2-80.9) 41.3% CI (28.3-55.7) 63.0% CI (44.1-78.4)
groups of neurological disorders NPV 53.8% 31.7% 28.8%
PPV 85.8% 85.2% 93.8%
Youden Index  0.491 0.205 0.412
pNF-H
Cutoff (ng/ml) 0.460 0.210 0.460
AUC 0.869 CI (0.814-0.924) 0.597 CI (0.474-0.719) 0.741 CI (0.612-0.869)
Sensitivity 84.0% CI (78.1-88.5) 90.7% CI (85.6-94.1) 84.5% CI (78.6-88.9)
Specificity 82.9% CI (73.2-89.6) 43.9% CI (29.9-59.0) 63.0% CI (44.1-78.4)
NPV 68.7% 50.0% 36.2%
PPV 92.1% 88.4% 94.2%
Youden Index  0.669 0.346 0.474

A number of patients are given between square parentheses. CTL-1 includes the group of ALS mimics

AUC area under curve, NPV negative predictive value, PPV positive predictive value

Neurofilament light-chain and phosphorylated heavy-
chain proteins can, therefore, be considered biomarkers
of neuronal degeneration and death, especially when the
underlying pathological process evolves rapidly. When the
neurodegenerative process causing neuronal/axonal dam-
age is relatively slow, the impact of the neurofilaments as
biomarkers is likely to be minor. In this context, the CSF
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neurofilament levels are not strictly related to the number
of neurons involved in the pathological process.

CSF NF-L and pNF-H levels in the ALS cohort were
also higher when confronted to ALS-mimics, with a sensi-
tivity, specificity and AUC roughly comparable to the dis-
ease controls. Other reports found similar outcomes [31,
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34, 35]. pNF-H showed, however, a better performance
than NF-L in discriminating ALS from ALS-mimics.

ALS-mimics are neurological diseases that are frequently
involved in the differential diagnosis of ALS [19]. Among
them, cervical spondylosis and cervical spondylotic myelop-
athy, motor mono—poly-neuropathies, plexopathies and mul-
tifocal motor neuropathy seem the most challenging [19, 49].
In this work, we did not include other motor neuron diseases,
like adult-onset lower motor neuron disease, bulbo-spinal
muscular atrophy, hereditary spastic paraparesis, primary
lateral sclerosis, etc., which would require a dedicated study.

CSF NF-L and pNF-H are, therefore, promising ALS
biomarkers that can support the diagnosis, provided that the
shared guidelines for ALS diagnosis are followed [20, 37,
50]. It remains, however, an open question whether CSF and/
or blood neurofilaments are biological markers predictive of
an incoming disease onset in asymptomatic carriers [30].

In our ALS cohort, both CSF neurofilaments were not
able to discriminate between ALS phenotypes (i.e., spinal-
onset vs bulbar-onset vs ALS-FTD). Furthermore, age at
onset or sex did not show significant relationship with both
CSF NF-L and pNF-H levels. Similar observations have
been made in other studies [24, 29, 31, 35]. These analyses
were made at diagnosis, and all patients were in a mild—-mod-
erate stage of disability (the median ALSFRS-R of our ALS
cohort was 38/48; range 30—42). This further confirms that
neurofilaments are non-specific markers for the intrinsic
mechanism of neuronal degeneration, which is likely to be
unaffected by demographic variables.

The severity of the disease, in terms of rate of progres-
sion, is instead strictly related to both neurofilament levels,
in that the more rapid the disease evolution, as measured
by AFS [40], the higher the NF-L and pNF-H levels in the
CSF. As an indirect support to this result, we showed that
high levels of both CSF neurofilaments at diagnosis were
associated with a reduced survival. This strongly suggest
that both NFs have a potential as prognostic biomarkers of
the disease [11, 24, 29-31, 35].

It is now a matter of fact that ALS is highly heterogene-
ous, with different phenotypes [51] and, more important,
with different rates of progression [40, 52]. Both variables
are in part implicated in the failure of the most recent clini-
cal trials in the disease [53].

There is suggestion that future clinical trials should
be performed by selecting more homogeneous groups of
patients, with the aim to move towards a more personalized
therapy. The early randomized clinical trial with riluzole
found a better survival effect in bulbar—onset patients [54],
and a recent pilot clinical trial with tauroursodeoxycholic
acid enrolled only spinal-onset ALS patients to reduce phe-
notypic variability [55]. Along with AFS, which allows
the grouping of patients according to their rate of progres-
sion [40], CSF neurofilaments appear at present the best

prognostic biomarkers in ALS. A recent commentary [36]
and a meta-analysis [11] have in fact advocated the potential
usefulness of CSF neurofilament levels as potential outcome
measure in clinical trials.

A question raises as to whether both neurofilament light-
chain and phosphorylated heavy-chain proteins should stably
enter in the ALS clinic [11, 36]. The results from our work
represent a further support to it.

Our study unveiled, however, a relevant issue that must
be considered when using commercial ELISA kits for a
biomarker assays. We found a big variability between com-
mercial kits.

For neurofilament light-chain assay, we initially adopted
an ELISA kit from MyBioSource (San Diego, USA), which
gave excellent standard curve and high reproducible data.
However, we did not found differences between ALS and
disease controls, with a range of CSF NF-L levels nonethe-
less similar to those reported in other works [24, 29-31, 33].
These results appeared skewed with respect to the wide pub-
lished literature on the field, and raised the suspicion that the
antibody used for this ELISA kit was either at low affinity
for his ligand or it was cross-reacting with other molecules
in the CSF.

A rapid survey of the literature showed that several
research groups were using home-made kits [3, 23] or, more
often, a commercial kit by UmanDiagnostics AB (Umea,
Sweden) purchased either directly from the producer [24,
29, 33-35] or from the distributor IBL (Hamburg, Germany)
[30-32]. Some works reported using an electrochemiolumi-
nescence detection to increase the sensitivity of the assay,
especially in blood samples [26, 29, 33]. The S-TAB 5 sum-
marizes the different ELISA systems used by the different
research groups with the corresponding ROC curves (ALS
vs controls) for both neurofilaments.

The replication ELISA assay with the UmanDiagnostics
AB kit on the same CSF samples from our ALS cohort and
disease controls showed a completely different scenario,
with a significant difference in NF-L levels between groups.
Thus, the level of the NF-L protein in a biological fluid may
strongly depend on the commercial kit and from the primary
antibody used to detect the specific antigen. Note, however,
that the two different commercial kits (i.e., MyBioSource
and UmanDiagnostics) were both able to give highly repro-
ducible standard curves and data.

There are many questions to be answered before neu-
rofilaments can be routinely utilized as biological markers
in the ALS clinic. In particular, multicenter studies should
be performed with the aim to: (1) achieve a validation of
these biomarkers; a recent work attempted a first valida-
tion for both neurofilaments light-chain and phosphorylated
heavy-chain proteins [32], but the number of CSF samples
provided by each participating center was small, and some
assay variability was observed between the two analyzing
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centers; (2) make a comprehensive comparison between dif-
ferent commercial ELISA Kkits, to verify which one gives the
best results in terms of specificity and sensitivity in order to
distinguish ALS from disease controls and ALS-mimics; at
present, from the published studies and the present research,
the ELISA kit from UmanDiagnostics [24, 29-35], to assay
NF-L, and from BioVendor, to assay pNF-H, appear the
most promising candidates; (3) to evaluate the neurofilament
biomarkers in subgroups of ALS patients, made homogene-
ous by phenotype and rate of disease progression. Given
that CSF neurofilaments are non-specific biomarkers of cell
death/axonal degeneration, it is important to clearly identify
those ALS patients for whom the biomarker might have rel-
evance both in diagnostic and prognostic terms.

In conclusion, we have shown that neurofilaments light-
chain and phosphorylated heavy-chain proteins are increased
in the CSF of ALS patients, the higher levels being asso-
ciated with a more rapidly evolving disease and a shorter
survival. Our results add to the recent growing literature
supporting the two cytoskeletal proteins as very promising
diagnostic and prognostic biomarkers for ALS. More multi-
center validation studies are, however, needed before neuro-
filaments can definitely enter into the ALS clinic.
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