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Abstract

Background: Phosphorylated neurofilament heavy 
(pNfH), a neuronal cytoskeleton protein, might provide 
a promising blood biomarker of neuronal damage in 
neurodegenerative diseases (NDDs). The best analytical 
approaches to measure pNfH levels and whether serum 
levels correlate with cerebrospinal fluid (CSF) levels in 
NDDs remain to be determined.
Methods: We here compared analytical sensitivity and 
reliability of three novel analytical approaches (home-
brew Simoa, commercial Simoa and ELISA) for quanti-
fying pNfH in both CSF and serum in samples of amyo-
trophic lateral sclerosis (ALS), frontotemporal dementia 
(FTD) and control subjects.
Results: While all three assays showed highly corre-
lated CSF measurements, Simoa assays also yielded high 
between-assay correlations for serum measurements 
(ϱ = 0.95). Serum levels also correlated strongly with CSF 
levels for Simoa-based measurements (both ϱ = 0.62). All 
three assays allowed distinguishing ALS from controls 
by increased CSF pNfH levels, and Simoa assays also 

by increased serum pNfH levels. pNfH levels were also 
increased in FTD.
Conclusions: pNfH concentrations in CSF and, if meas-
ured by Simoa assays, in blood might provide a sensitive 
and reliable biomarker of neuronal damage, with good 
between-assay correlations. Serum pNfH levels meas-
ured by Simoa assays closely reflect CSF levels, rendering 
serum pNfH an easily accessible blood biomarker of neu-
ronal damage in NDDs.

Keywords: amyotrophic lateral sclerosis (ALS); cerebro-
spinal fluid (CSF); frontotemporal dementia (FTD); phos-
phorylated neurofilament heavy chain (pNfH); serum; 
single molecule array (Simoa).

Introduction
Fluid biomarkers which capture and quantify neuronal 
damage in a sensitive and reliable manner and are easily 
accessible in peripheral blood are urgently warranted 
to monitor disease progression and response to molecu-
lar treatments which are now on the horizon for neuro-
degenerative diseases. Neurofilament light (NfL) shows 

aKina Höglund, Jens Kuhle and Matthis Synofzik are shared last 
authors.
*Corresponding author: Prof. Dr. Matthis Synofzik, Department 
of Neurodegenerative Diseases, Hertie-Institute for Clinical Brain 
Research and Center of Neurology, University of Tübingen,  
Hoppe-Seyler-Str. 3, 72076 Tübingen, Germany; and German  
Center for Neurodegenerative Diseases (DZNE), University of 
Tübingen, Tübingen, Germany, Phone: +49-7071-2982060,  
Fax: +49-7071-2925001, E-mail: matthis.synofzik@uni-tuebingen.de 
Carlo Wilke, Elke Stransky, Christian Deuschle and Rebecca Schüle: 
Department of Neurodegenerative Diseases, Hertie-Institute 
for Clinical Brain Research and Center of Neurology, University 
of Tübingen, Tübingen, Germany; and German Center for 
Neurodegenerative Diseases (DZNE), University of Tübingen, 
Tübingen, Germany
Fani Pujol-Calderón: Department of Psychiatry and Neurochemistry, 
Institute of Neuroscience and Physiology, The Sahlgrenska Academy 
at University of Gothenburg, Gothenburg, Sweden

Christian Barro, Zuzanna Michalak and Jens Kuhle: Neurologic 
Clinic, MS Centre and Policlinic, Departments of Medicine, 
Biomedicine and Clinical Research, University Hospital Basel, 
University of Basel, Basel, Switzerland
Kaj Blennow and Kina Höglund: Department of Psychiatry and 
Neurochemistry, Institute of Neuroscience and Physiology, The 
Sahlgrenska Academy at University of Gothenburg, Gothenburg, 
Sweden; and Clinical Neurochemistry Laboratory, Sahlgrenska 
University Hospital, Mölndal, Sweden
Andreas Jeromin: Quanterix Corporation, Lexington, MA, USA
Henrik Zetterberg: Department of Psychiatry and Neurochemistry, 
Institute of Neuroscience and Physiology, The Sahlgrenska 
Academy at University of Gothenburg, Gothenburg, Sweden; Clinical 
Neurochemistry Laboratory, Sahlgrenska University Hospital, 
Mölndal, Sweden; Department of Neurodegenerative Disease,  
UCL Institute of Neurology, University College London, Queen 
Square, London, UK; and UK Dementia Research Institute at UCL, 
London, UK

Brought to you by | UCL - University College London
Authenticated

Download Date | 8/8/19 3:53 PM

https://doi.org/10.1515/cclm-2019-0015
mailto:matthis.synofzik@uni-tuebingen.de


2      Wilke et al.: Simoa and ELISA for pNfH quantification in CSF and serum

great promise as a diagnostic and possibly also treatment 
outcome biomarker in neurodegenerative diseases like 
amyotrophic lateral sclerosis (ALS) and frontotemporal 
dementia (FTD), Alzheimer’s disease and Huntington’s 
disease, both in cerebrospinal fluid (CSF) and blood [1–5]. 
However, optimal assessment and correlation of CSF levels 
with blood levels are less clear for phosphorylated neuro-
filament heavy (pNfH). Analytical approaches for pNfH 
quantification by ELISA differ largely between laboratories 
[6–9] and promising novel single molecule array (Simoa) 
approaches have not yet been compared in a standardised 
manner. Moreover, associations of pNfH concentrations in 
CSF with disease progression and survival do not yet con-
sistently reproduce in blood [6, 10, 11]. In view of these chal-
lenges, we compared three novel analytical approaches to 
measuring pNfH levels, comprising homebrew Simoa, com-
mercial Simoa and ELISA approaches, analysing matched 
pairs of CSF and serum samples of ALS, FTD and control 
subjects. We hypothesised that pNfH quantification in CSF 
and serum is sensitive and reliable with all three assays, 
expecting high correlations across analytical approaches 
as well as high correlations between CSF and serum pNfH 
levels. We further predicted all three approaches to detect 
clinically relevant pNfH differences between neurodegen-
erative patients and controls, possibly even in blood.

Materials and methods
Subjects

We recruited 34 subjects from the Department of Neurodegenerative 
Disorders, Hertie Institute for Clinical Brain Research, Tübingen, 
comprising 10 ALS, 10 FTD and 14 control subjects. Patients fulfilled 
established diagnostic criteria for ALS and FTD, respectively. The 

controls did not have any history or clinical signs of neurodegen-
erative disease, as ascertained by neurologists with special expertise 
in neurodegenerative diseases. The university’s Ethics Committee 
approved the study. All subjects gave written informed consent prior 
to participation.

Biomaterial

Paired CSF and blood samples were taken within a time interval of 
less than 20 min. CSF was centrifuged at 2000 × g for 10 min at room 
temperature, serum at 2000 × g for 10 min at 4 °C (after clotting for 
30 min at room temperature). Samples were stored at −80 °C within 
60 min after collection in the local biobank and analysed without any 
previous thaw-freeze cycle.

pNfH measurements

The same 34 CSF and serum sample pairs were measured by three 
approaches in parallel: by homebrew Simoa, by commercially avail-
able Simoa and by ELISA, each time in duplicates (for a methodologi-
cal overview, see Table 1). Technicians were blinded to the clinical 
diagnosis. In an explorative add-on analysis, pNfH levels were also 
correlated with NfL levels available for 22 matched CSF-serum pairs, 
determined by a previously established electrochemiluminescence 
immunoassay [2] (Supplementary materials 3 and 4).

Homebrew Simoa

The Simoa pNfH assay was developed in-house (University Hospi-
tal Basel) using a Homebrew kit (Quanterix Corp, Lexington, MA, 
USA). pNfH was captured by an anti-human-pNfH mouse monoclo-
nal antibody (Iron Horse Diagnostics, Phoenix, AZ, USA; for order-
ing the antibody, the manufacturer should be contacted directly 
with reference to this article) and detected by anti-human-pNfH 
chicken polyclonal antibody (Iron Horse Diagnostics, Phoenix, AZ, 
USA). The antibodies recognise the KSP site of pNfH, with the signal 

Table 1: Methodological comparison of three analytical approaches to pNfH quantification.

  Homebrew Simoa   Commercial Simoa   ELISA

Capture antibody   Monoclonal, mouse, Iron 
Horse Diagnostics

  Monoclonal, mouse (IgG 
purified), Quanterix

  Monoclonal, mouse (NF-01) Abcam 
(catalogue: ab7795)

Detection antibody   Polyclonal, chicken, Iron 
Horse Diagnostics

  Polyclonal, chicken (affinity 
purified), Quanterix

  Monoclonal, mouse (NF-05) Abcam 
(catalogue: ab118812)

Standard origin   Porcine spinal cord, 
purified

  Bovine spinal cord, purified  Human recombinant protein expressed in 
HEK293T cells, OriGene (cat.: TP313487)

Buffer pH   Calibrator diluent: pH 7.0  Calibrator diluent: pH 7.5   Coating: pH 9.6
  Sample diluent: pH 7.0   Sample diluent: pH 7.5   Sample dilution: pH 8.0
  Bead diluent: pH 7.0   Bead diluent: pH 7.5   Blocking: pH 7.16
  Detector diluent: pH 7.0   Detector diluent: pH 7.5   Washing: pH 7.16
      Detection: pH 7.16

The analytical approaches to pNfH quantification are described in detail in the Methods section. Simoa, single molecule array.
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disappearing on Western blot after alkaline phosphatase treatment. 
Before measurements, the capture was coupled to paramagnetic 
beads (Quanterix) and the detector was biotinylated.

Coupling of the capture: Seventy-eight micrograms of antibody were 
buffer exchanged with Beads Conjugation Buffer (2-(N-morpholino)
ethane sulfonic acid [MES] buffer, Quanterix) using spin filtration 
(Amicon Ultra-2, 50 kDa, Sigma) and concentrated to 0.3 mg/mL. Par-
amagnetic beads (1.4 × 106 beads per 1 μL of recovered antibody) were 
buffer exchanged to Beads Conjugation Buffer on a magnetic sepa-
rator (Ambion, #AM10055), and underwent a 30 min incubation on 
a rotator (HulaMixer, Thermofisher Scientific) with 5% EDC 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDAC, Thermofisher Sci-
entific). The coupling reaction was started by adding the washed 
0.3  mg/mL capture antibody to the activated beads followed by a 
2 h incubation on the rotator. The coupled beads were then washed 
with Bead Wash Buffer (phosphate buffer with detergent and ProClin 
300, Quanterix) and blocked by the addition of Bead Blocking Buffer 
(phosphate buffer with 1% bovine serum albumin and ProClin 300, 
Quanterix) followed by 30 min incubation on the rotator.

Biotinylation of the detector: One hundred and thirty micrograms 
of polyclonal anti-pNfH were buffer exchanged to Biotinylation 
Reaction Buffer (100 mM phosphate buffered saline, Quanterix) and 
diluted to 1 mg/mL. N-hydroxysuccinimide ester-polyethylene glycol 
4-Biotin (NHS-PEG4-Biotin, Thermofisher Scientific) was then added 
with a ratio of 40:1, followed by 30 min incubation. Finally, the bioti-
nylated detector was purified using spin filtration and the concen-
tration was measured. Coupled beads and biotinylated detector were 
respectively stored in bead diluent (50 mM Tris pH 7.8, 50 mM NaCl, 
10 mM EDTA, 1% bovine serum albumin, 0.1% Tween 20) and bioti-
nylation reaction buffers at 4 °C until analysis.

Purified native pNfH for calibration was obtained from Iron 
Horse Diagnostics (porcine spinal cord). Calibrators ranged from 0 to 
1000 pg/mL (diluent: tris base saline [TBS] pH 7.0; 0.1% Tween 20; 1% 
milk powder; 300 μg/mL Heteroblock [Omega Biologicals Inc., Boze-
man, MT, USA]). Batch prepared calibrators were stored at −80 °C. 
Calibrators (neat) and samples (1:4 dilution; diluent: TBS pH 7.0, 0.1% 
Tween 20, 1% milk powder, 400 μg/mL Heteroblock [Omega Biologi-
cals]) were measured in duplicates from a single well. Reagents were 
prepared as follows: pNfH beads and Helper Beads (Quanterix) were 
diluted to 1 × 104 beads/μL; in a second tube the detector concentra-
tion was adjusted to 0.1 μg/mL (beads and detector diluent: TBS pH 
7.0, 0.1% Tween 20, 1% milk powder, 300 μg/mL Heteroblock [Omega 
Biologicals]). The assay was run on a Simoa HD-1 instrument (Quan-
terix) using a 2-step Assay Neat 2.0 protocol: 100 μL of calibrator/
sample, 25 μL conjugated beads, and 20 μL of detector were incu-
bated for 47 cadences (1 cadence = 45 s). After a first washing, 100 μL 
of streptavidin conjugated β-galactosidase (150 pM; SBG, Quanterix) 
was added, followed by a 7-cadence incubation and a second wash. 
Finally, after addition of 25 μL Resorufin β-D-galactopyranoside 
(RGP, Quanterix) pNfH was quantified. CSF and serum samples were 
diluted by factor 4.

Commercial Simoa

A commercially available pNfH Simoa assay (pNfH discovery kit) was 
run on the Simoa HD-1 Analyzer (Quanterix, Lexington, MA, USA) [12]. 

The calibrator curve was constructed using the standard provided by 
the manufacturer. CSF samples were diluted by a factor of 26, serum 
samples were measured without dilution. The assay used a monoclo-
nal mouse antibody (IgG purified) for capture and a polyclonal chicken 
antibody (affinity purified) for detection. The antibodies specifically 
recognise the phosphorylated KSP sequences of NfH, with the signal 
disappearing on western blot after alkaline phosphatase treatment. The 
provided calibrator is native pNfH isolated from bovine spinal cord.

ELISA

The pNfH ELISA, described previously [13] was used with minor 
modifications (University of Gothenburg). Briefly, the antibodies 
(monoclonal anti-human mouse antibodies) used for the in-house 
sandwich ELISA were NF-01 (Abcam, ab7795) for coating and NF-05 
(Abcam, ab118812) as a biotinylated detector. The blocking of the 
plate was performed with 1% bovine serum albumin (BSA) in phos-
phate-buffered saline with Tween (0.05%) (PBS-T). The sample buffer 
used to dilute the NfH calibrants (OriGene, TP313487; human recom-
binant protein expressed in HEK293T cells) and samples was 5mM 
urea in PBS-T. The buffers used were carbonate buffer (pH 9.6) for 
coating, PBS-Tween (0.05%) with 1% BSA (pH 7.16) for blocking and 
detection, 5 mM urea in PBS-T (pH 8.0) for sample dilution, and PBS-
Tween (0.05%) (pH 7.16) for washing. CSF samples were diluted by a 
factor of 4, serum samples by a factor of 2. The substrate used was 
SuperSignal ELISA Femto Substrate and the plates were read with a 
Viktor X4 2030 Multilabel Reader after being shaken for 2 min. Four 
washes with PBS-T were performed in between all steps. The phos-
phorylation specificity was assessed by incubating the recombinant 
protein used as calibrant with alkaline phosphatase from Escherichia 
coli and measured using the assay previously described, a control 
with no alkaline phosphatase was also included [13].

Analysis

Analytical sensitivity of each assay was defined as the pNfH concen-
tration of the calibrator with the lowest pNfH concentration fulfill-
ing established acceptance criteria (i.e. coefficient of variation [CV] 
of duplicate determination ≤20% and accuracy within the range of 
80%–120%) [14]. Within-run precision and between-run precision 
[15] were derived from four consecutive runs. For CSF and serum, 
sample CVs were based on duplicate measurements of all 34 sam-
ples. Data were reported as median and interquartile range, unless 
stated otherwise. We used non-parametric procedures to analyse 
correlations of pNfH concentrations between and within analyti-
cal approaches (Spearman’s correlation) and group effects on pNfH 
levels (Mann-Whitney tests). Post-hoc tests were Bonferroni-cor-
rected for multiple comparisons. The effect size of group effects was 
reported as Pearson’s r. For comparing pNfH levels across groups, 
we analysed an age-matched subset (n = 10) of our controls (Sup-
plementary material 1) to control for potential age effects on pNfH 
levels [10].

As prior data on correlations of pNfH measurements across dif-
ferent analytical approaches were not available, sample size calcula-
tion was not possible. We therefore chose a total sample size (n = 34) 
in the range of comparative studies of analytical platforms for neu-
rofilament light [16].
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Results

Sensitivity and reliability of the three 
analytical approaches

Analytical sensitivity [16] was 0.3 pg/mL for the homebrew 
Simoa, 8.6 pg/mL for the commercial Simoa and 192.0 pg/
mL for the ELISA (Table 2). For CSF, concentrations of all 
samples were above these levels. For serum, 97.1% (33/34) 
of sample concentrations were above the respective ana-
lytical sensitivity of the homebrew Simoa, 100% for the 
commercial Simoa and 50% (17/34) for the ELISA. Within- 
and between-run precision and sample coefficients of 
variation (CVs) of duplicate measurements in CSF and 
serum are summarised in Table 2. Overall, sample CVs 
were lower in CSF than in serum.

pNfH correlations between different 
analytical approaches

CSF pNfH measurements by all three analytical 
approaches were highly correlated (homebrew Simoa vs. 
commercial Simoa: ϱ = 0.91, p < 0.001; homebrew Simoa 
vs. ELISA: ϱ = 0.99, p < 0.001; commercial Simoa vs. ELISA: 
ϱ = 0.94, p < 0.001; Figure 1A–C), yet with varying absolute 
pNfH values (for detailed results and normalised analyti-
cal sensitivity, see Supplementary material 2).

For serum measurements, pNfH levels were also highly 
correlated between both Simoa approaches (ϱ = 0.95, 
p < 0.001), yet correlations were weaker between ELISA 
and each of the Simoa approaches (homebrew Simoa: 
ϱ = 0.55, p = 0.001; commercial Simoa: ϱ = 0.37, p = 0.035) 
(Figure 1D–F). The corresponding Bland-Altman plots 
(Figure 2) indicate proportional differences between the 
three approaches to pNfH quantification, which increase 
together with the absolute concentrations. This suggests 
that additional normalisation of analytical approaches is 
necessary for improved comparability.

pNfH correlations between CSF and 
peripheral blood

Correlations between paired CSF and serum samples were 
strong for homebrew Simoa (ϱ = 0.62, p < 0.001) and com-
mercial Simoa (ϱ = 0.62, p < 0.001) measurements, but 
not significant for the ELISA approach (ϱ = 0.19, p = 0.292) 
(Figure 1G–I).

pNfH levels across diagnostic groups

In CSF, all three approaches yielded significantly higher 
pNfH levels in ALS than in both FTD (p < 0.001, r = 0.85 for 
all three assays) and control subjects (p < 0.001, r = 0.85 

Table 2: Assay performance of three analytical approaches to pNfH quantification in CSF and serum.

Homebrew Simoa Commercial Simoa ELISA

Analytical sensitivity 0.3 pg/mL 8.6 pg/mL 192.0 pg/mL
Normalised analytical sensitivity 0.3 pg/mL 4.9 pg/mL 11.9 pg/mL
Within-run precision 5.4% (19.7 pg/mL) 5.2% (14.5 pg/mL) 6.6% (1802 pg/mL)

5.4% (31.9 pg/mL) 6.3% (106.4 pg/mL) 3.9% (13,174 pg/mL)
3.7% (39.1 pg/mL) 2.7% (1211 pg/mL) 7.1% (18,593 pg/mL)

Between-run precision 7.3% (19.7 pg/mL) 41.3% (14.5 pg/mL) 16.9% (1802 pg/mL)
5.7% (31.9 pg/mL) 17.5% (106.4 pg/mL) 9.4% (13,174 pg/mL)
7.3% (39.1 pg/mL) 11.5% (1211 pg/mL) 20.5% (18,593 pg/mL)

Sample CV, CSF 2.1% (0.8–3.8) 5.4% (3.0–9.5) 1.9% (0.7–3.6)
Sample CV, serum 3.9% (1.8–7.5) 6.5% (2.7–11.2) 2.7% (2.1–6.0)

Analytical sensitivity [pg/mL] of each analytical approach was defined as the pNfH concentration of the calibrator with the lowest  
pNfH concentration fulfilling established acceptance criteria (i.e. CV of duplicate determination ≤20% and recovery within the range  
of 80%–120%) [16]. While measurements of pNfH concentrations in CSF were highly correlated across the three analytical approaches 
(Figure 1), absolute measurement values differed considerably and consistently across assays (Figure 2), necessitating normalisation of 
analytical sensitivities for better comparability. The normalised analytical sensitivity reports the analytical sensitivity of each approach 
normalised to the scale of the homebrew Simoa. For instance, measurement of a sample with a concentration corresponding to the 
analytical sensitivity of the commercial Simoa approach would result in a concentration of 8.6 pg/mL on the scale of the commercial  
Simoa and 4.9 pg/mL on the scale of the homebrew Simoa assay (Supplementary material 2). Within-run precision and between-
run precision were derived from four consecutive runs of each assay [16]. For CSF and serum, sample CVs were based on duplicate 
measurements of all 34 samples.
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Figure 1: Associations between pNfH measurements across analytical approaches in CSF (A–C) and serum (D–F), correlations between CSF 
and serum pNfH measurements within analytical approaches (G–I), pNfH concentrations in FTD, ALS and control subjects measured with 
different approaches in CSF (J–L) and serum (M–O).
CSF pNfH measurements were highly correlated across all three analytical approaches (A–C). Dot colour indicates diagnosis (blue: controls, red: 
FTD, green: ALS). For serum measurements, pNfH levels were highly correlated between both Simoa approaches, while the correlations between 
ELISA and both Simoa approaches were considerably weaker (E–F). Correlation between paired CSF and serum samples was strong for both the 
homebrew Simoa and the commercial Simoa approach, but not significant for the ELISA measurements (G–I). In CSF, all three approaches yielded 
significantly higher pNfH levels in ALS than in both FTD and age-matched control subjects (J–L), CSF pNfH levels of FTD subjects were significantly 
higher than those of controls if measured by ELISA (L) (p-values Bonferroni-corrected for multiple comparisons, ***p < 0.001, **p < 0.01, *p < 0.05; 
ns, not significant). In serum, significantly higher pNfH levels in ALS than in FTD and control subjects were only found by the Simoa approaches 
(M–O). Central horizontal lines indicate median values, boxes illustrate the ranges between lower and upper quartiles, and error bars represent the 
full ranges of data. Please note the logarithmic scale of the x- and y-axis. The corresponding Bland-Altman plots are depicted in Figure 2.
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for all three assays) (Figure 1J–L, Supplementary material 
1). Moreover, CSF pNfH levels of FTD subjects were signifi-
cantly higher than those of controls (Figure 1L) if meas-
ured by ELISA (p = 0.015, r = 0.54), but not if measured by 
Simoa approaches.

In serum, significantly higher pNfH levels in ALS than 
in FTD (homebrew Simoa: p = 0.005, r = 0.61; commercial 
Simoa: p = 0.007, r = 0.59) and control subjects (homebrew 
Simoa: p = 0.001, r = 0.69; commercial Simoa: p = 0.001, 
r = 0.71) were found by the two Simoa approaches 
(Figure 1M–O), but not by the ELISA. Though cohorts were 
not sufficiently powered to yield statistical significance, 
serum pNfH levels were also quantitatively higher in FTD 
than control subjects across all three approaches.

Explorative analysis of the relation of pNfH to 
NfL levels

This explorative analysis indicated that pNfH concen-
trations measured by all three approaches yielded 
 significant correlations with concentrations of NfL in CSF 
(Supplementary materials 3 and 4). If measured by Simoa 
approaches, the correlation of pNfH levels with NfL levels 
was maintained to a lesser extent also in serum (Sup-
plementary material 3 for visualisation of the pNfH-NfL 
 correlations, Supplementary material 4 for Bland-Altman 
plots), suggesting that pNfH and NfL in peripheral blood 
might potentially be subject to different release and/or 
clearance dynamics.
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Figure 2: Bland-Altman plots for comparison of three analytical approaches to pNfH quantification in CSF (A–C) and serum (D–F).
The Bland-Altman plots for CSF (A–C) demonstrate that there are proportional differences between the three approaches to pNfH 
quantification, i.e. errors increasing with increasing absolute concentrations. Proportional errors were also observed for Simoa-based 
measurements in serum (D). For the ELISA measurements in serum, the plots furthermore support the notion that the ELISA measurements 
in serum are affected by the occurrence of unexpectedly high pNfH ELISA levels in serum samples of healthy controls which yielded low 
concentrations in Simoa measurements (E–F). Mean (solid line) and 95% confidence interval (dotted line) were derived from log-transformed 
data. Dot colour indicates diagnosis (blue: controls, red: FTD, green: ALS).
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Discussion
Sensitive and reliable fluid biomarkers reflecting neu-
ronal damage, ideally accessible even in blood, are highly 
warranted in neurodegenerative diseases. Our findings 
demonstrate that pNfH levels can be sensitively and reli-
ably quantified by all three novel analytical approaches 
in CSF: the homebrew Simoa, the commercially available 
Simoa and the ELISA approach, with stable proportional 
differences between the three approaches to pNfH quan-
tification. Given the high analytical sensitivity, the CSF 
concentrations of pNfH in our neurodegenerative sub-
jects were all in the analytical range of the three assays. 
Importantly, the Simoa assays also provided sensitive and 
reliable pNfH measurements in serum, with serum con-
centrations of 97%–100% of subjects being well quanti-
fiable by these two assays. For the ELISA, 50% of serum 
concentrations were outside the analytical range.

In CSF, pNfH concentrations were strongly correlated 
between the three analytical approaches, as required to 
allow comparability across centres and studies in future 
multicentre trials. While assay specificity for the phos-
phorylated form of neurofilament heavy has been demon-
strated only for the pNfH ELISA [13], the high correlation 
of CSF pNfH levels between the three approaches suggests 
that also the two Simoa assays indeed capture phospho-
rylated NfH.

In serum, pNfH concentrations also showed strong 
correlations between the two Simoa assays, but not 
between Simoa assays and ELISA. This low between-assay 
correlation of the ELISA in serum might be due to its lower 
analytical sensitivity, the high share of pNfH serum con-
centrations outside its analytical range and the occur-
rence of unexpectedly high pNfH ELISA levels in serum 
samples which yielded low concentrations in Simoa 
measurements [16] (Figure 2). These factors might, at least 
partially, be related to a relatively higher susceptibility of 
the ELISA to disturbances by matrix effects [17] (e.g. het-
erophilic antibodies) and/or more robust measurements 
by the Simoa technique which decreases non-specific 
interactions by confining the detection reaction to small-
volume compartments.

Serum pNfH levels correlated highly with CSF levels, 
if measured by any of the two Simoa approaches. The 
finding of a robust correlation between CSF and serum 
pNfH values in both ALS and FTD extends previous find-
ings of increased pNfH levels in ALS [6–10, 18]. Given this 
strong CSF-serum association, pNfH levels in peripheral 
blood might present a valid peripheral biomarker for 
neuronal damage in the central nervous system in neu-
rodegenerative diseases. For the ELISA measurements, 

the absence of a significant correlation between CSF 
and serum pNfH levels might result from its limitations 
in serum measurements. The performance differences 
between the three analytical approaches might relate to 
further factors which were not directly controlled for in 
our measurements, including differences of the antibod-
ies, the calibration with different protein standards and 
concentrations, the buffer composition and pH values, 
and local laboratory conditions (including differently cali-
brated pipettes). To improve direct comparability across 
analytical approaches, the standard curves of the three 
assays could be run on each of the three assays. Moreover, 
pNfH quantification might have been affected by the use 
of phosphate buffered solutions in the immunoassays as 
the phosphate binding capacity of neurofilament heavy 
is such that NfH phosphorylation might occur during the 
application [5, 11].

All three pNfH assays indeed seem suited to reveal 
relevant findings in neurodegenerative disease cohorts. 
All three of them allowed distinguishing ALS subjects 
from control and FTD subjects by CSF pNfH concen-
trations, with the Simoa assays also allowing this dis-
tinction by serum concentrations (homebrew Simoa: 
ALS-controls 0.91 [0.78–1.00], ALS-FTD AUC = 0.86 
[0.70–1.00]; commercial Simoa: ALS-controls AUC = 0.92 
[0.80–1.00], ALS-FTD AUC = 0.85 [0.67–1.00]). These find-
ings support the validity of the assays and extends previ-
ous findings of increased pNfH levels in ALS [6–10, 18] 
by demonstrating that this increase is consistent and 
reliable across different analytical approaches. The diag-
nostic value of CSF pNfH levels for differentiating ALS 
subjects from controls was high throughout all three 
analytical approaches (Table 3), with a total allowable 

Table 3: Diagnostic value of pNfH concentrations for ALS across 
analytical approaches.

Matrix Approach Significance AUC (95% CI)

CSF Homebrew p < 0.001 1.00 (1.00–1.00)
CSF ELISA p < 0.001 1.00 (1.00–1.00)
CSF Commercial p < 0.001 1.00 (1.00–1.00)
Serum Homebrew p = 0.001 0.92 (0.81–1.00)
Serum ELISA p = 0.128 0.69 (0.47–0.91)
Serum Commercial p < 0.001 0.93 (0.83–1.00)

Receiver operating characteristics (ROC) for the discrimination of 
ALS subjects from controls show that all three analytical approaches 
discriminated ALS subjects from healthy controls with 100% 
diagnostic accuracy in CSF, corresponding to an area under the 
curve (AUC) of 1.0 for each approach. Diagnostic accuracy was lower 
in serum. Supplementary material 5 depicts the diagnostic accuracy 
of each analytical approach as a function of the pNfH cut-off level.
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error (TEa) ≥38% (Table 4). Thus, pNfH concentrations in 
CSF, as measured by any of the three approaches, might 
reliably support the diagnosis of ALS.

Quantitatively, pNfH levels were also increased in 
FTD, yet without statistical significance given the small 
patient cohort. Sufficiently powered studies on both 
serum and CSF pNfH in FTD are warranted to confirm the 
hypothesis that pNfH levels in FTD might be increased not 
only in CSF, but also in serum.

In sum, our results indicate that pNfH concentrations 
in CSF and, if measured by Simoa assays, also in blood 
might provide a sensitive and reliable biomarker of neu-
ronal damage, assessment of which is valid across differ-
ent analytical approaches. The increases of pNfH levels 
in several neurodegenerative disorders and the correla-
tions between CSF and serum values suggest that pNfH, 
like NfL, might provide a promising peripheral fluid bio-
marker of neuronal damage in neurodegeneration [5]. 
Such easily accessible blood biomarkers with high sensi-
tivity and reliability are important to promote acceptance 
by patients, longitudinal sampling and their broad use in 
both research and clinical routine [5]. Previous research 
suggested that pNfH measurement might be more robust 
than NfL measurements [18] and more stable against pre-
analytical variables [19], and our findings indicate that 
blood pNfH and NfL levels might potentially be subject 
to different release and/or clearance dynamics (Supple-
mentary materials 3 and 4). Yet both pNfH and NfL appear 
valuable candidates, possibly used together in composite 
neurodegenerative biomarker panels.
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Table 4: Reliability of pNfH concentrations in CSF for distinguishing ALS subjects from controls.

Approach   Upper limit of reference 
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allowable

Homebrew   493 pg/mL   848 pg/mL   72%
ELISA   12,923 pg/mL   20,725 pg/mL   60%
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We calculated the total allowable error (TEa) at the upper reference range limit of healthy controls which still allowed to maintain the 
100% discrimination of ALS patients and controls by calculating the difference between the upper reference range limit of controls and the 
lower reference range limit of ALS subjects. Both reference ranges were derived from log-transformed data as 95% confidence intervals. 
We expressed the TEa in percent of the upper reference range limit of controls. TEa was ≥38% for all three analytical approaches in CSF, 
indicating high agreement of all three analytical approaches in their diagnostic reliability. The limits of the reference ranges refer to the 
original, non-normalised measurement values.

Brought to you by | UCL - University College London
Authenticated

Download Date | 8/8/19 3:53 PM



Wilke et al.: Simoa and ELISA for pNfH quantification in CSF and serum      9

Research funding: None declared.
Competing financial interests: JK’s institution (University 
Hospital Basel) received in the last 3 years and used exclu-
sively for research support: consulting fees from Novartis, 
Protagen AG; speaker fees from the Swiss MS Society, 
Biogen, Novartis, Roche, Genzyme; travel expenses from 
Merck Serono, Novartis; grants from ECTRIMS Research 
Fellowship Programme, University of Basel, Swiss MS 
Society, Swiss National Research Foundation, Bayer 
(Switzerland) AG, Genzyme, Merck, Novartis. MS received 
speaker’s honoraria and research support from Actelion 
Pharmaceuticals, unrelated to the current project and 
manuscript. AJ is an advisor Quanterix Corporation, Lex-
ington, Massachusetts. HZ has served at scientific advisory 
boards for Eli Lilly, Roche Diagnostics, CogRx, Samumed 
and Wave, has received travel support from Teva and is a 
co-founder of Brain Biomarker Solutions in Gothenburg 
AB, a GU Ventures-based platform company at the Uni-
versity of Gothenburg. KB has served as a consultant or at 
scientific advisory boards for IBL International, Fujirebio 
Europe, Roche Diagnostics, BioArctic, and is a co-founder 
of Brain Biomarker Solutions in Gothenburg AB, a GU Ven-
tures-based platform company at the University of Goth-
enburg. The other authors declare no competing financial 
interests.
Employment or leadership: None declared.
Honorarium: None declared.
Competing interests: The funding organization(s) played 
no role in the study design; in the collection, analysis, and 
interpretation of data; in the writing of the report; or in the 
decision to submit the report for publication.
Data availability: The datasets analysed in the current 
study are available from the corresponding author on rea-
sonable request.

References
1. Lu CH, Macdonald-Wallis C, Gray E, Pearce N, Petzold A, Norgren 

N, et al. Neurofilament light chain: a prognostic biomarker in 
amyotrophic lateral sclerosis. Neurology 2015;84:2247–57.

2. Wilke C, Preische O, Deuschle C, Roeben B, Apel A, Barro C, et al. 
Neurofilament light chain in FTD is elevated not only in cerebro-
spinal fluid, but also in serum. J Neurol Neurosurg Psychiatry 
2016;87:1270–2.

3. Scherling CS, Hall T, Berisha F, Klepac K, Karydas A, Coppola G, 
et al. Cerebrospinal fluid neurofilament concentration reflects 
disease severity in frontotemporal degeneration. Ann Neurol 
2014;75:116–26.

4. Rohrer JD, Woollacott IO, Dick KM, Brotherhood E, Gordon E,  
Fellows A, et al. Serum neurofilament light chain protein is a 
measure of disease intensity in frontotemporal dementia.  
Neurology 2016;87:1329–36.

5. Khalil M, Teunissen CE, Otto M, Piehl F, Sormani MP, Gattringer 
T, et al. Neurofilaments as biomarkers in neurological disorders. 
Nat Rev Neurol 2018;14:577–89.

6. De Schaepdryver M, Jeromin A, Gille B, Claeys KG, Herbst V, Brix 
B, et al. Comparison of elevated phosphorylated neurofilament 
heavy chains in serum and cerebrospinal fluid of patients with 
amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 
2018;89:367–73.

7. Feneberg E, Oeckl P, Steinacker P, Verde F, Barro C, Van Damme P, 
et al. Multicenter evaluation of neurofilaments in early symptom 
onset amyotrophic lateral sclerosis. Neurology 2018;90:e22–30.

8. Gendron TF, Daughrity LM, Heckman MG, Diehl NN, Wuu J, Miller 
TM, et al. Phosphorylated neurofilament heavy chain: a bio-
marker of survival for C9ORF72-associated amyotrophic lateral 
sclerosis. Ann Neurol 2017;82:139–46.

9. McCombe PA, Pfluger C, Singh P, Lim CY, Airey C, Henderson RD. 
Serial measurements of phosphorylated neurofilament-heavy 
in the serum of subjects with amyotrophic lateral sclerosis. J 
Neurol Sci 2015;353:122–9.

10. Boylan KB, Glass JD, Crook JE, Yang C, Thomas CS, Desaro P, et al. 
Phosphorylated neurofilament heavy subunit (pNF-H) in peripheral 
blood and CSF as a potential prognostic biomarker in amyotrophic 
lateral sclerosis. J Neurol Neurosurg Psychiatry 2013;84:467–72.

11. Petzold A. Neurofilament phosphoforms: surrogate mark-
ers for axonal injury, degeneration and loss. J Neurol Sci 
2005;233:183–98.

12. Wilson DH, Rissin DM, Kan CW, Fournier DR, Piech T, Campbell 
TG, et al. The Simoa HD-1 Analyzer: a novel fully automated 
digital immunoassay analyzer with single-molecule sensitivity 
and multiplexing. J Lab Autom 2016;21:533–47.

13. Pujol-Calderon F, Portelius E, Zetterberg H, Blennow K, Rosengren 
LE, Hoglund K. Neurofilament changes in serum and cerebrospinal 
fluid after acute ischemic stroke. Neurosci Lett 2018;698:58–63.

14. Valentin MA, Ma S, Zhao A, Legay F, Avrameas A. Validation of 
immunoassay for protein biomarkers: bioanalytical study plan 
implementation to support pre-clinical and clinical studies. J 
Pharm Biomed Anal 2011;55:869–77.

15. Andreasson U, Perret-Liaudet A, van Waalwijk van Doorn LJ, 
Blennow K, Chiasserini D, Engelborghs S, et al. A practical guide 
to immunoassay method validation. Front Neurol 2015;6:179.

16. Kuhle J, Barro C, Andreasson U, Derfuss T, Lindberg R, Sandelius 
A, et al. Comparison of three analytical platforms for quantifica-
tion of the neurofilament light chain in blood samples: ELISA, 
electrochemiluminescence immunoassay and Simoa. Clin Chem 
Lab Med 2016;54:1655–61.

17. Lundberg M, Curbo S, Reiser K, Masterman T, Braesch-Andersen 
S, Arestrom I, et al. Methodological aspects of ELISA analysis 
of thioredoxin 1 in human plasma and cerebrospinal fluid. PLoS 
One 2014;9:e103554.

18. Li D, Shen D, Tai H, Cui L. Neurofilaments in CSF as diagnostic 
biomarkers in motor neuron disease: a meta-analysis. Front 
Aging Neurosci 2016;8:290.

19. Koel-Simmelink MJ, Vennegoor A, Killestein J, Blankenstein MA, 
Norgren N, Korth C, et al. The impact of pre-analytical variables 
on the stability of neurofilament proteins in CSF, determined by 
a novel validated SinglePlex Luminex assay and ELISA. J Immu-
nol Methods 2014;402:43–9.

Supplementary Material: The online version of this article offers 
supplementary material (https://doi.org/10.1515/cclm-2019-0015).

Brought to you by | UCL - University College London
Authenticated

Download Date | 8/8/19 3:53 PM

https://doi.org/10.1515/cclm-2019-0015

