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Avidity of antineurocytoskeletal antibodies in Alzheimer’s disease patients
Libuse Noskovaa, Lenka Fialovaa, Ales Bartosb,c, Tomas Zimaa

Aims. To optimise the ELISA method for the avidity of IgG antibodies against neurofilament heavy chain (NfH) and to 
determine the levels and avidity of anti-NfH antibodies in patients with Alzheimer’s disease (AD) and a healthy control 
group.
Methods. Various dilutions of sera and concentrations of urea and sodium chloride as chaotropic reagents were tested 
in the process of the ELISA optimisation. The levels and avidity of anti-NfH antibodies were determined in 30 patients 
with Alzheimer’s disease and 30 age-matched cognitively normal elderly adults. 
Results. Sera dilution 1:200 and urea as a chaotrope in a concentration 6 mol/L were chosen to be the most suitable 
for the avidity assay of anti-NfH antibodies by ELISA. The results showed no differences in either level or avidity of 
IgG anti-NfH antibodies between AD patients and cognitively normal persons. The levels of anti-NfH IgG antibodies 
inversely correlated with their avidities. 
Conclusions. We optimised the ELISA method for the determination of anti-NfH antibody avidity determination which 
is suitable for research of anti-NfH antibody avidity in patients with neurological diseases associated with neurocyto-
skeletal defects. The determination of serum anti-NfH antibody avidity in AD patients seems to have limited diagnostic 
significance. 
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INTRODUCTION

Alzheimer’s disease (AD) is the most frequent neu-
rodegenerative disorder. Various alterations in the neuro-
cytoskeleton are associated with the neurodegenerative 
process1,2. When the axon is damaged or neurodegenera-
tion is initiated, the structures of the neuronal cytoskel-
eton normally localised inside in neurons are released 
from the neurons into the interstitial fluid, cerebrospinal 
fluid and bloodstream. 

The cytoskeletal proteins in the extracellular space as a 
result of various pathological processes may interact with 
the cells of the immune system and induce an inflammato-
ry or autoimmune response3. The levels of autoantibodies 
against neurocytoskeletal autoantigens in the serum might 
be potential biomarkers for neurodegenerative diseases in-
volving continuous neuronal death4,5. Moreover, the study 
of autoantibodies is becoming important in association 
with intensive investigation and clinical trials testing the 
possibility of immunotherapy in AD (ref.6). 

In addition to the changes in antibody levels, their 
avidity is a substantial qualitative characteristic and could 
also be of clinical significance7-9. The examination of an-
tibody avidity in clinical practice is usually used for the 

differentiation of primary and chronic infection10 or for 
monitoring the effectiveness of vaccination11-13. 

Current knowledge about the avidity of autoantibodies 
is less complex than that about antibodies against exog-
enous antigens. High-avidity autoantibodies may be as-
sociated with autoimmune processes in the organism7,9,14, 
but decreased avidity of antibodies against the β-amyloid 
protein in Alzheimer’s disease has also been described15. 
However, information about the avidity of neuron-specific 
antibodies is sporadic so far, although it is a relevant issue 
of antibodies, which may determine their protective or 
injurious potency.

Recently, we found increased levels of intrathecally 
synthesised antibodies against NfH and tau proteins in 
patients with Alzheimer’s disease16. Serum levels of anti-
NfH IgG antibodies in AD have also been studied16,17, but 
we are not aware of any study evaluating the avidity of 
these antibodies. Therefore we decided to continue with a 
more detailed study of anti-NfH IgG antibodies in serum 
by the determination of their avidity in the patients with 
dementia. 

The aim of this study was to design and optimise 
ELISA for the determination of anti-NfH IgG antibody 
avidity. Various methods and procedures for the mea-
surement of antibody avidity have been designed. One of 
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the methods suitable for clinical use is ELISA (Enzyme-
Linked Immuno-Sorbent Assay), which is modified by 
the addition of substances with a chaotropic effect on 
the immune complexes formed during the ELISA proce-
dure18. These agents are necessary for the disruption of 
the immune complexes containing weakly bound antibod-
ies. The lower the antibody avidity is, the more immune 
complexes are disrupted and the released antibodies are 
then washed away after incubation with the chaotropic 
agent. 

Using our optimised ELISA, we evaluated the avidity 
of the anti-NfH IgG antibodies in the serum of patients 
with Alzheimer’s disease and an appropriate control 
group. We aimed to better characterise the humoral im-
mune response against neurocytoskeletal components and 
to consider a possible diagnostic significance of anti-NfH 
IgG antibody avidity.

MATERIAL AND METHODS

Participants 
We examined two groups of elderly persons. Serum 

samples were obtained from patients at the Department 
of Neurology, Charles University. The AD patients were 
recruited from the Memory Clinic. The diagnosis was 
based on objective evidence of a progressive decline in 
cognition, functional and detailed neuropsychological as-
sessments, hippocampal atrophy seen on brain magnetic 
resonance imaging (or computer tomography in case of 
contraindications), temporo-parietal hypoperfusion seen 
using single photon emission computed tomography, or 
increased total or phosphorylated tau proteins and/or de-
creased β-amyloid concentrations in cerebrospinal fluid 
using cut-offs established in our previous studies19-21. The 
diagnosis of dementia due to AD had been already estab-
lished before blood sampling22-24. They had mild form of 
dementia according to MMSE scores (Tab. 1). Many of 
them have already died after long-term clinical decline. 
Subjects in the control group (n=30; mean age 72 years) 
were cognitively normal elderly adults having normal 
Mini-Mental State Examination (MMSE) scores25. They 
were age-matched with the AD patients.

The basic characteristics of the two groups are shown 
in Table 1. The AD patients and patients in the control 
group did not differ in age and other parameters corre-
lates with epidemiological findings26. 

Patients included in the study signed the informed 
consent. The study was approved by the Ethics Commitee 
of the Third Faculty of Medicine, Charles University. 

Only selected samples were used for the optimisation 
of ELISA. The influence of pH was tested in five samples 
(control and AD patients’ samples). A comparison of cha-
otropic agents was performed in 20 samples (10 controls 
and 10 AD patients).

Methods
ELISA for anti-NfH IgG antibody level and avidity 
determination in the serum

Anti-NfH antibody IgG levels were determined by 
ELISA originally described by Silber et.al.27 and later 
modified for the purpose of our previous studies28,29. 

Two kinds of chaotropic agents – NaCl and urea – 
in various concentrations were tested for avidity method 
optimisation. Solutions at different concentrations were 
chosen for initial experiment concentrations based on pre-
vious works29,30. Solutions of NaCl were used at concentra-
tions 0.25 mol/L, 0.5 mol/L, 1.0 mol/L, 2.0 mol/L and 
3.0 mol/L and urea at 2.0 mol/L, 4.0 mol/L, 6.0 mol/L 
and 8.0 mol/L. Since pH values change in the chaotropic 
agent solutions of different concentrations, we also 
tested the influence of pH on the avidity determination. 
Therefore, the avidity experiments were performed with 
the chaotropic agent solution both at the actual (origi-
nal) pH and at pH adjusted to the uniform value of 7.4. 
Serum samples were analysed in serial dilution from 1:50 
to 1:400.

Procedure of ELISA for the determination of anti-NfH IgG 
antibody levels and their avidity

The heavy neurofilament subunit isolated from a bo-
vine spinal cord (purity is > 98%, declared by the manu-
facturer, Progen, Germany) was used as the antigen. An 
aliquot from the stock solution of the antigen was diluted 
in carbonate immobilisation buffer (10 mmol/L NaHCO3, 
0.15 mmol/L NaN3, pH 9.6) to the concentration of 
2.5 μg/mL. One half of the wells of 96-well plate type 
Maxisorp (Nunc, Denmark) was coated with 100 μL of 
diluted antigen and the other half of the wells was coated 
only with immobilisation buffer. The plate was incubated 
overnight at 4 °C. 

After the binding of the antigen, the wells were washed 
(wash solution 0.1 M NaCl + Tween 20) and blocked with 
1% BSA (bovine serum albumin) fraction V in PBS (phos-
phate buffered saline), pH 7.4. Then, the serum samples 
in appropriate dilution (in 1% BSA fr. V in PBS) were 
applied in an amount of 100 μL. Serum samples were 
incubated in the wells for 2 hours at room temperature. 

After five washings of the wells, the chaotropic agents 
NaCl or urea in tested concentrations or PBS alone were 
applied to the appropriate wells in an amount of 100 μL/
well. It was followed by incubation for 10 minutes at room 
temperature. The wells were washed (4×).

Table 1. Sociodemografic characteristics of participant 
groups.

Controls
Alzheimer’s 

disease 
patients

Number of patients 30 30

Age at blood draw (years) 72 ± 5 74 ± 8

Gender 63% females 77% females

Education (years) 15 ± 3 13 ± 3

MMSE score (0-30 points) 29 ± 1 19 ± 6

Data are expressed as average ±SD
MMSE - Mini-Mental State Examination score
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100 μL/well of secondary antibody (conjugate) against 
the Fc region of human immunoglobulin IgG conjugated 
with peroxidase (Southern Biotech, USA, diluted 5000x 
in 1% BSA fr. V in PBS) was added to the wells in the next 
step and incubated for one hour at room temperature. After 
washings (4×), 100 μL of peroxidase substrate TMB (tetra-
methylbenzidine) with H2O2 (TestLine, Czech Republic) 
was added to the wells. The enzyme reaction was stopped 
by adding 2 mol/L H2SO4 (100 μL/well) after incubation 
for 15-20 min at room temperature in the dark. Absorbance 
(A) of the wells was measured at 450 nm against a refer-
ence wavelength of 620 nm using a Tecan Sunrise Plate 
Reader (Tecan, Austria) with the Magellan 6 program. 

The absorbance of the blank sample (serum replaced 
with diluent) was subtracted from the absorbance value of 
each sample. For comparative purposes, the same pooled 
serum was used as the internal control in all analytical se-
ries of patients’ samples (n=60). The intra- and inter-assay 
of the ELISA method did not exceed 10%. 

Expression of anti-NfH IgG antibody concentration
Because no appropriate generally-used standards are 

available for anti-NfH IgG antibodies, a pooled serum 
prepared by mixing sera from patients with high levels 
of anti-NfH IgG antibodies (according their absorbance 
in the previous ELISA determination) served as a cali-
bration standard for the determination of the arbitrary 
units (AU) of anti-NfH IgG antibody concentration. A 
calibration curve constructed from the absorbance of 
our standard diluted geometrically from 1:50 to 1:400 
was run on every plate. Arbitrary units of concentrations 
were determined from the calibration curve created in the 
Magellan 6 program (Tecan, Austria). 

Expression of the avidity value
The avidity of antibodies is expressed as an avidity 

index (AI), which is defined as the ratio of the absor-
bance or AU value for the well with a chaotropic agent 
to the absorbance or AU value of the well without this 
agent. Usually, AI is expressed in the percentage. The 
high-avidity antibodies are commonly classified as those 
with an avidity index higher than 60% and the low-avidity 
ones as those with an avidity index lower than 40%. The 
avidity index values of the antibodies from 40% to 60% 
are usually marked as a “grey zone”, when the decision 
about the avidity is not clear31.

Statistical analysis
Non-parametric statistics were used because the data 

were not normally distributed. This statement was verified 
using a graphical evaluation and Shapiro-Wilk’s test. The 
median and interquartile range were used for patients and 
the control group characterisation. The correlation was 
tested using the Spearman correlation coefficient. The 
statistical evaluation of paired measurements was tested 
using by the Wilcoxon matched pairs test. The Mann-
Whitney test was used for comparisons between groups. 
The level of significance was set to 0.05. All statistical 
calculations were done in the Statistica program (StatSoft, 
Czech Republic).

RESULTS

Expression of the anti-NfH IgG antibody levels and 
 avidity

The concentrations of anti-NfH IgG antibodies can 
be expressed in the values of absorbance (450 nm) or 
in the AU obtained from a calibration curve described 
in the Methods section. Non-linear regression with an 
extrapolation factor of 2 was used for the construction of 
a calibration curve. An example of the calibration curve 
for the expression of anti-NfH IgG antibody concentration 
in arbitrary units is shown in Fig. 1. 

Levels of anti-NfH IgG antibodies in the AU correlated 
with their expression in the absorbance (R=0.6; P<0.0001; 
n=60; Spearman correlation coefficient). Similarly, the 
avidity index calculated from absorbance values corre-
lated with the calculation of the avidity index derived from 
the AU (R=0.976 for urea 2 mol/L, P<0.0001; R=0.959 
for urea 6 mol/L, P<0.0001; Spearman correlation coef-
ficient).

Optimisation of the ELISA method for anti-NfH IgG 
antibody avidity determination

To optimise the method for avidity determination we 
focused on (1) the optimal dilution of serum samples; (2)  
to test the effect of chaotropic solution pH; (3) to find the 
optimal concentration of chaotropic agents and further 
(4) to select the suitable chaotropic agent. 

Serum dilution 
The best dilutions of sera that corresponded with the 

linear part of the calibration curve appeared to be 1:200 
and 1:400. However, the higher dilution 1:400 was opti-
mal only for samples with elevated levels of antibodies. 
The absorbance values of sera diluted 1:400 were too low 
for medium or low levels of antibodies and the results 

Fig. 1. Example of the calibration curve for the expression of 
anti-NfH IgG antibody concentration in arbitrary units.
(R value > 0.95); AU – arbitrary unit; NfH – neurofilament 
heavy subunit
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were less precise. It was evident for both tested chaotropic 
agents (urea and NaCl) especially, when their higher con-
centration was used.

pH of the chaotropic agent solutions 
Both chaotropic agent solutions - urea and NaCl - gen-

erated a pH gradient depending on the concentration of 
the agent. The mean change in pH values was 0.25 for 
NaCl solutions and 0.1 for urea solutions. The pH effect 
of the chaotropic agent solution for avidity determination 
was tested by analysing five samples (controls and AD pa-
tients, low, medium and high values of anti-NfH IgG anti-
bodies). The avidity of each sample was determined using 
a chaotropic agent solution, in which the pH was adjusted 
to a uniform pH value (7.4) as well as with a chaotropic 
agent solution with original pH value arisen at preparation 
of the solution. The pH of the chaotropic agent solution 
in various concentrations did not significantly influence 
the determination of the anti-NfH IgG antibody avidity. 
Therefore, it was not necessary to modify the pH of the 
chaotropic agent solution in the following experiments. 

Concentrations of chaotropic agents 
It was crucial to find a concentration of the chaotropic 

agent that would clearly differentiate antibodies with high 
avidity from those with low avidity.

Low concentrations of NaCl (0.25 mol/L and 0.5 
mol/L) showed minimal effect on the disruption of the 

immune complexes. Differentiation between high- or low-
avidity antibodies was allowed by higher concentrations 
of NaCl (1 mol/L, 2 mol/L and 3 mol/L). These concen-
trations of NaCl were used for the further assays. After 
testing an additional four samples, the concentration of 1 
mol/L and 3 mol/L NaCl were selected for further study 
because no significant differences between the 1 mol/L 
and 2 mol/L NaCl concentrations were seen.

Higher concentration of urea (6 mol/L and 8 mol/L) 
influenced the disruption of immune complexes by a simi-
lar intensity. Because of the increased risk of denaturation 
of immune complexes in the presence of higher concentra-
tion of urea, we chose urea concentrations of 6 mol/L for 
avidity determination. A significant difference between 4 
mol/L and 6 mol/L urea concentrations was not found. 
Finally, the 2 mol/L and 6 mol/L urea concentrations 
were chosen for further analyses. 

The result of the avidity assay depends on antibody 
levels18. The higher concentration of the chaotrope may 
be important for samples with high levels of antibodies, 
in which a lower concentration of the chaotrope could be 
insufficient for the disruption of a greater amount of im-
mune complexes. Therefore, we performed the avidity de-
termination at two different concentrations of chaotropic 
agents in the following avidity tests. Significant differences 
were seen between 1 mol/L and 3 mol/L NaCl (P=0.0001, 
Wilcoxon matched paired test) and 2 mol/L and 6 mol/L 
urea (P<0.0001, Wilcoxon matched paired test) - Fig. 2.

Fig. 2. Comparison of NaCl and urea as chaotropic agents in the ELISA for the avidity determination of anti-NfH IgG antibodies.
The box plots include median (horizontal line ⎯), values from the 25th to the 75th  percentiles (boxes); bars (whiskers) above 
and below the box indicate the range of non-outliers. Non-outliers are indicated by triangles. Outliers and extremes are shown by 
circles and asterisks.
A. Levels of serum anti-NfH IgG antibodies analysed by ELISA method in presence of chaotropic agents (NaCl and urea) in dif-
ferent concentrations. The results obtained in absence of chaotropic agents (PBS) are also shown for comparison. The results are 
expressed in arbitrary units. A significant differences were seen between 1 mol/L and 3 mol/L of NaCl (P=0.00014), 2 mol/L and 
6 mol/L urea (P<0.0001) or 3 mol/L NaCl and 6 mol/L urea (P=0.000892).
B. Avidity of serum anti-NfH IgG antibodies analysed by ELISA in the presence of chaotropic agents (NaCl and urea) in different 
concentrations. The results of avidity are expressed as an avidity index (%). Significant differences were seen between 1 mol/L and 
3 mol/L NaCl (P=0.0001), 2 mol/L and 6 mol/L urea (P<0.0001) or 3 mol/L NaCl and 6 mol/L urea (P=0.0002). 

AU – arbitrary unit; NfH – heavy subunit of neurofilaments; PBS – phosphate buffered saline; M – mol/L
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Fig. 3. Comparison of serum levels and avidities of anti-NfH antibodies IgG in the group of Alzheimer’s disease patients (n=30) 
and in the control group (n=30). 
The box plots include median (horizontal line ⎯), values from the 25th to the 75th percentiles (boxes); bars (whiskers) above 
and below the box indicate the range of non-outliers. Non-outliers are indicated by triangles. Outliers and extremes are shown by 
circles and asterisks.
A. Levels of serum IgG anti-NfH antibodies without a significant difference between group of Alzheimer’s disease patients and 
the control group
B. Avidity of anti-NfH autoantibodies in serum of Alzheimer’s disease patients and the control group. The results of avidity are 
expressed as an avidity index (%). A significant difference between these two groups was not found (P>0.05).

AD – Alzheimer’s disease; AI – avidity index; AU – arbitrary unit; NfH – neurofilament heavy subunit

Fig. 4. Relationships between levels and avidities of anti-NfH IgG antibodies. Avidity was determined by ELISA using urea 6 
mol/L as chaotropic agent.
A. The relationship between levels and avidities of anti-NfH antibodies IgG in the control group (n=30). A significant inverse 
correlation was found (R=-0.55, P=0.00147).
B. Th e relationship between levels and avidities of IgG anti-NfH antibodies in the group of the Alzheimer’s disease patients (n=30). 
A significant inverse correlation was found R=-0.409, P=0.025).

AI – avidity index; AU – arbitrary unit; NfH – neurofilament heavy subunit
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Comparison of NaCl and urea as chaotropic agents
The ability of two chaotropic agents (NaCl and urea) 

to distinguish between high- and low-avidity anti-NfH 
IgG antibodies was tested. Lower (1 mol/L for NaCl or 2 
mol/L for urea) and higher (3 mol/L for NaCl or 6 mol/L 
for urea) concentration of these agents were selected and 
twenty serum samples (10 controls and 10 Alzheimer’s 
disease patients) were analysed. The analyses were as-
sessed in triplicates for the samples and in duplicates for 
calibration samples.

The influence of chaotropic agents on avidity deter-
mination was assessed according to the results both in 
arbitrary units and avidity indices. Different abilities of 
chaotropic agents to disrupt the immune complexes were 
observed. Levels of anti-NfH IgG antibodies (in AU) in 
the presence of different concentrations of chaotropic 
agents are shown in Fig. 2. 

The values of avidity indices are similar when the 1 
mol/L NaCl and 2 mol/L urea are used. A significant 
difference was observed between 3 mol/L NaCl and 6 
mol/L urea (P=0.00016; Wilcoxon matched paired test). 
A reliable estimation of antibody avidity requires about 
50% decrease in an antibody binding after treatment of 
immune complexes by chaotrophic agents in the ELISA 
procedure32. Thus, urea in the concentration of 6 mol/L 
resulted in the most effective disruption of the immune 
complexes. Urea was evaluated as a suitable chaotropic 
agent for the immunochemical (ELISA) determination of 
anti-NfH IgG antibody avidity (Fig. 2B). The optimised 
ELISA method using 2 mol/L and 6 mol/L urea as a 
chaotropic agent was used for the avidity determination 
in the serum samples for the clinical part of our study. 

Avidity of anti-NfH IgG autoantibodies in serum of 
Alzheimer’s disease patients

Using the optimised ELISA, the avidity of the anti-
NfH IgG antibodies was studied in sera of Alzheimer’s 
disease patients and controls. 

We found no significant differences either in the lev-
els or in the avidities of serum anti-NfH IgG antibodies 
between patients with Alzheimer’s disease and those in 
the control group (Fig. 3AB). Also there was no signifi-
cant correlation between anti-NfH IgG antibodies or their 
avidity and the relevant sociodemographic characteristics 
such as age of participants or sex (Spearman correlation 
coefficient, n.s.).

The levels of anti-NfH IgG antibodies inversely cor-
related with their avidities. The relationship between lev-
els of antibodies and their avidities was expressed more 
closely in the control group than that of the AD group. 
The correlation in the control group was significant for 
both concentrations of urea used for avidity determina-
tion (urea 2 mol/L: R=-0.38, P=0.038; urea 6 mol/L: R=-
0.55, P=0.00147, Spearman correlation coefficient). On 
the contrary, the relationship between levels and avidities 
of anti-NfH IgG antibodies was only seen in the presence 
of 6 mol/L urea in the AD group (urea 2 mol/L: R=-0.151, 
n.s.; urea 6 mol/L: R=-0.409, P=0.025; Spearman correla-
tion coefficient) – Fig. 4AB.

DISCUSSION

Avidity represents an important feature of antibodies, 
which significantly influences the formation of immune 
complexes and affectivity of antibodies. In this study we 
focused on the avidity of antibodies against NfH, which 
belong to the cytoskeletal structure specific for nervous 
tissue5. We optimised the avidity assay for IgG antibodies 
against NfH by assessing a suitable dilution of sera and 
by selecting a chaotrope and its concentration; we then 
examined sera of patients with Alzheimer’s disease and 
control individuals.

Avidity (or functional affinity) is defined as the overall 
forces that hold together an antigen with a corresponding 
antibody. It is dependent on the affinity between antigen-
binding sites of the antibody and epitopes of the anti-
gen as well as valences of the antigen and the antibody33. 
ELISA is suitable method for the determination of an-
tibody avidity for clinical purposes. Since non-covalent 
interactions in the certain immune complex are charac-
teristic for a specific antibody and appropriate antigen, it 
is necessary to test the optimal conditions of the ELISA 
avidity assay independently for individual antibodies and 
to select the suitable chaotropic agents and their con-
centration or suitable dilution of samples. Chaotropic 
agents such as urea, ammonium thiocyanate, guanidine 
hydrochloride, diethylamine or sodium chloride have al-
ready been used for the determination of antibody avid-
ity7,8,10,18,34,35. We chose two chaotropic agents varying in 
their chemical character – urea as a nonelectrolyte acting 
as a mild denaturing agent and sodium chloride with an 
ionic nature. Both chaotropes can impair non-covalent 
forces such as hydrophobic interactions, hydrogen bridges 
and Van der Waals forces, which enable the formation of 
immune complexes18. In our experiments urea in a certain 
concentration disrupted immune complexes of anti-NfH 
IgG antibodies with NfH more effectively than tested con-
centrations of NaCl. The concentration of 6 mol/L urea 
dissociated about 45% immune complexes and met the 
requirement about a 50% decrease in an antibody bind-
ing after adding chaotropic agents to immune complexes 
in the ELISA procedure32. Urea is often used for avidity 
determination, especially for antibodies against infectious 
agents and it was shown to be a suitable chaotrope for the 
avidity assay. Therefore, we performed ELISA analyses in 
samples of our patients with urea solutions13. 

Research over recent years has suggested the par-
ticipation of humoral autoimmune processes involved in 
the pathogenesis of AD (ref.36). Multiple autoantibodies 
against various autoantigens were investigated in the se-
rum and/or CSF of AD patients37,38. One group of auto-
antibodies included those against structures specific for 
nervous tissue, such as neurofilaments (NfL, NfH), tau 
proteins, glial fibrillary acidic proteins and others16,39-42. 
It seems that some autoantibodies may act pathogeni-
cally while others could have protective effects37. Animal 
experiments suggested an association between anti-NfH 
antibodies and some manifestation of AD (ref.43). Rats 
immunised with the NfH of Torpedo cholinergic neu-
rons developed specific antibodies, which accumulated 
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neurocytoskeletal defects. Neither levels nor avidity of 
IgG anti-NfH antibodies differed between AD patients 
and cognitively normal persons. In the future, we plan to 
investigate if the levels and avidity of antineurocytoskel-
etal antibodies will change during the follow-up study. 
In addition, we are going to determine separately, free 
anti-NfH IgG antibodies and those bound in immune 
complexes. 
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Analytical and pre-analytical aspects of neurofi lament light chain 

determination in bio logical fl uids

Souhrn
Tento přehled si klade za cíl seznámit klinické a laboratorní pracovníky s nejdůležitějšími 

preanalytickými a analytickými aspekty stanovení lehkých řetězců neurofi lament (NfL) v bio-

logických tekutinách. NfL představují perspektivní nespecifi cký bio marker poškození neuronů 

a axonů, k němuž dochází u celé řady neurologických onemocnění. Před zavedením vyšetřování 

NfL do širší klinické praxe je nutné charakterizovat preanalytické a analytické stránky stanovení, 

které mohou významným způsobem ovlivnit správnost výsledku analýzy. Při hodnocení 

koncentrací NfL je zapotřebí brát v úvahu věk pacienta a vliv může mít i body mass index. Výhodou 

NfL je jejich dlouhodobá stabilita při různých teplotách skladování i odolnost vůči opakovaným 

cyklům zmrazování a rozmrazování. Koncentrace NfL v klinických studiích se stanovují 

především imunoanalytickými metodami, které se liší citlivostí. Pro stanovení NfL existuje několik 

imunoanalytických přístupů vhodných pro spolehlivé vyšetření v mozkomíšním moku (MMM) 

i v séru/ plazmě. Volba optimálního analytického přístupu závisí mimo jiné na koncentracích 

NfL v bio logických tekutinách. Pro stanovení NfL v MMM lze využít metod ELISA, které vykazují 

dostačující citlivost pro vyšší koncentrace NfL vyskytující se v této bio logické tekutině. Postupně 

zaváděné nové technologie charakterizované výrazně vyšší citlivostí ve srovnání s metodou ELISA 

umožnily spolehlivé vyšetřování NfL i v séru či plazmě. Podrobněji jsou zmiňovány principy metod 

postavené na technologii Simoa®, SimplePlexTM a imunomagnetické redukce.

Abstract
The aim of this review is to inform clinical and laboratory workers about the most important pre-

analytical and analytical aspects of neurofi lament light chain (NfL) determination in bio logical 

fl uids. NfLs represent a promising nonspecifi c bio marker of neuronal and axonal damage that 

occurs in a variety of neurological diseases. Before introducing NfL determination into routine 

clinical practice, it is necessary to characterize the pre-analytical and analytical aspects of the 

assays, which can signifi cantly aff ect the accuracy of the analysis results. When evaluating NfL 

concentrations, the patient‘s age should be taken into account and body mass index may also have 

an eff ect. The advantages of NfLs are their long-term storage stability at diff erent temperatures 

as well as resistance to repeated freezing and thawing cycles. NfL concentrations in clinical trials 

are determined primarily by immunoassay methods that vary in sensitivity. There are several 

immunoassay technologies for the determination of NfL suitable for reliable determination 

in cerebrospinal fl uid (CSF) and serum/ plasma. The choice of the optimal analytical approach 

depends, among other things, on the concentration of NfL in bio logical fl uids. ELISA methods can 

be used to determine NfL in CSF, which show suffi  cient sensitivity for higher concentrations of NfL 

occurring in this bio logical fl uid. Newly introduced technologies characterized by signifi cantly 

higher sensitivity in comparison with the ELISA methods enabled reliable examination of NfL 

also in serum/ plasma. The principles of methods based on Simoa® technology, SimplePlexTM, and 

immunomagnetic reduction are mentioned in more detail.
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Úvod
Neurologům se dostává do rukou slibný bio-

marker, kterým jsou lehké řetězce neurofi la-

ment (NfL). Někteří jejich význam přirovná-

vají k troponinům v kardiologii [1]. 

Neurofi lamenta v CNS jsou heteropoly-

mery sestavené ze čtyř polypeptidových 

řetězců, k nimž patří triplet neurofi lamen-

tových řetězců (NfL, střední řetězce neu-

rofilament a těžké řetězce neurofilament) 

a -internexin. V periferním nervovém sys-

tému (PNS) je součástí neurofi lament spo-

lečně s tripletem neurofilamentových ře-

tězců další protein – peripherin. Struktura 

neurofi lamentových řetězců je podobná, ale 

jednotlivé polypeptidy se liší relativní mo-

lekulovou hmotností (Mr) a mírou fosfory-

lace – lehké řetězce mají Mr 70 000, střední 

řetězce (NfM) 150 000 a těžké řetězce (NfH) 

200 000 [2]. Schéma molekuly NfL je znázor-

něno na obr. 1. NfL tvoří nejhojnější podjed-

notku v tripletu neurofi lamentových řetězců, 

zastoupení NfL : NfM : NfH v neurofi lamen-

tech je přibližně v tomto poměru 5 : 3 : 1 [3]. 

NfL představují nespecifický bio marker 

odrážející poškození axonů a neuronů, 

k němuž dochází z různých příčin, ať už se 

jedná např. o zánět, neurodegeneraci nebo 

trauma [4–8]. NfL se uvolňují do intersticiální 

tekutiny a z ní mohou pronikat do mozko-

míšního moku (MMM) a také do krve. Při 

ně kte rých patologických stavech v oblasti 

nervové soustavy se množství NfL přestu-

pujících do různých kompartmentů výrazně 

zvyšuje [9–11]. 

Detailnější výzkum NfL jako bio markeru 

u neurologických onemocnění umožnili již 

v roce 1996 Rosengren et al [12], když jako 

první popsali metodu ELISA (enzyme-linked 

immunosorbent assay) jako vhodnou ke sta-

novení NfL. Citlivost metody ELISA však do-

voluje správně stanovovat koncentrace NfL 

pouze v MMM, jehož odběr představuje in-

vazivní výkon. Proto se další vlna zájmu o NfL 

dostavila až poté, co se začaly úspěšně vy-

víjet vysoce citlivé metody na jejich stano-

vení v krvi [13]. Od té doby se datuje prudký 

nárůst nových poznatků o NfL využitelných 

v péči o pacienty se závažným neurologic-

kým onemocněním. Značná pozornost je 

věnována přínosu stanovení NfL u nemoc-

ných s RS [1,5,14–17]. Vysoká hladina NfL pre-

dikuje aktivitu nemoci u RS [18–20], naopak 

nízká hladina je spojená s absencí radiolo-

gické aktivity nemoci a mohla by v budouc-

nosti u ně kte rých pacientů doplnit, nebo 

dokonce nahradit kontrolní zobrazení CNS 

MR [17]. Povzbudivé výsledky přinášejí i stu-

die zaměřené na využití NfL u dalších neu-

rologických onemocnění spojených se ztrá-

tou nebo poškozením neuronů [6,9,21,22]. 

Existují studie ukazující přínos NfL při dife-

renciální dia gnostice různých typů demencí, 

extrapyramidových neurodegenerativních 

onemocnění nebo také amyotrofi cké late-

rální sklerózy [9,10]. Měření hladin NfL může 

pomoci při predikci vývoje stavu po ische-

mické CMP, po úrazech mozku nebo po kar-

diopulmonální resuscitaci [20,22,23]. 

Před zavedením vyšetřování NfL do širší 

klinické praxe je nutné charakterizovat 

preanalytické a analytické stránky jejich sta-

novení, které mohou významným způso-

bem ovlivnit správnost výsledku analýzy, 

a je zapotřebí k nim přihlížet při interpretaci 

výsledků vyšetření. Tento text si klade za cíl 

seznámit klinické a laboratorní pracovníky 

s nejdůležitějšími preanalytickými a analytic-

kými aspekty stanovení NfL v bio logických 

tekutinách.

Koncentrace NfL v jednotlivých 
bio logických tekutinách
Běžnými bio logickými tekutinami, v nichž 

se NfL vyšetřují, jsou MMM, sérum a plazma 

(tab. 1). Nejvyšších koncentrací dosahují 

NfL v MMM (cNfL). V porovnání s plazmou 

či sérem jsou koncentrace cNfL mnohoná-

sobně vyšší. Např. Disanto et al [5] uvedli, že 

medián koncentrací NfL byl 42× nižší v séru 

než v MMM. 

Jak vyplynulo z metaanalýzy, mezi kon-

centracemi cNfL a koncentracemi NfL v séru 

(sNfL) nebo v plazmě (pNfL) existuje středně 

silná korelace, která je více vyjádřena u pa-

cientů s onemocněním CNS nebo PNS než 

u kontrolních skupin. Těsnější vztah byl po-

zorován ve studiích, které použily pro sta-

novení NfL citlivějších imunoanalytických 

metod [24]. 

NfL byly testovány i ve slinách, které před-

stavují velice snadno dostupný bio logický 

materiál [25]. Zatím se ale zdá, že stanovení 

NfL ve slinách bude mít omezený klinický 

význam, alespoň pro neurodegenerativní 

onemocnění. 

Biologické faktory ovlivňující 
koncentrace NfL
Věk

Důležitý faktor, který ovlivňuje koncentrace 

cNfL i koncentrace NfL v krvi, představuje 

věk. Pozitivní korelaci mezi věkem a kon-

centrací cNfL u kontrolních skupin i u řady 

neurologických onemocnění publikovali 

v rozsáhlé metaanalýze, na které se podíleli 

i někteří autoři tohoto článku, Bridel et al [4]. 

U zdravých osob metaanalýza uvádí nárůst 

koncentrací cNfL na každý rok věku o 3,3 %. 

Vztah mezi věkem a koncentrací NfL vyjád-

řený u zdravých jedinců i u pacientů je dobře 

dokumentován i v krvi [5,26]. Pro zdravé kont-

roly se udává vzestup koncentrací sNfL o 2,2 % 

na každý rok věku [5]. Podle ně kte rých studií 

není zvyšování koncentrací sNfL s věkem li-

neární a zrychluje se po dosažení věku 60 let, 

kdy navýšení může být až dvojnásobné, tj. 

o 4,3 % [27]. U různých neurologických one-

mocnění byla také prokazována významná ko-

relace mezi NfL v krvi a věkem [5,19,28].

Pozitivní vztah mezi koncentracemi NfL 

a věkem je připisován věkem podmíněným 

změnám v CNS spojeným se ztrátou neu-

ronů, ale přispívat může i výraznější po-

kles renálních funkcí, zejména u starších 

osob [29,30]. Proto je nezbytné souvislost 

mezi věkem a koncentracemi NfL zohledňo-

vat při interpretaci jejich vyšetření. 

Pohlaví a rasa

Koncentrace cNfL ve vztahu k pohlaví hod-

notili v nedávné metaanalýze Bridel at al [4]. 

Byly vyšší o 26 % u zdravých mužů a zvýšení 

u mužů bylo pozorováno i u ně kte rých neu-

rologických onemocnění. V EDTA (kyselina 

ethylendiamintetraoctová) plazmě a séru 

ale není závislost koncentrací NfL na po-

hlaví v řadě prací prokazována [5,26,28,29]. 

Pohlaví se proto při normalizaci koncentrací 

NfL nebere v úvahu. 

Ukazuje se, že etnika mohou mít odlišné 

koncentrace. V MMM byly koncentrace NfL 

Obr. 1. Schéma struktury lehkého řetězce neurofi lamenta.
Fig. 1. Scheme of the neurofi lament light chain structure.

1-98

coil 1a

N-konec proteinu 

(head)
centrální doména 

(rod domain)
C-konec proteinu 

(tail) 

coil 1b coil 2a/b E segment

99-412 413-544

proLékaře.cz | 27.10.2022



ANALYTICKÉ A PREANALYTICKÉ ASPEKTY STANOVENÍ LEHKÝCH ŘETĚZCŮ NEUROFILAMENT V BIO LOGICKÝCH TEKUTINÁCH

Cesk Slov Ne urol N 2022; 85/ 118(1): 11– 16 13

nižší u kognitivně zdravých Afroameričanů 

než u osob kavkazské rasy [31]. Naopak 

v séru byly koncentrace NfL nižší u kavkaz-

ské rasy než u jiných ras [30]. 

Body mass index a objem krve

Dalším faktorem, který ovlivňuje koncentrace 

NfL v krvi, je index tělesné hmotnosti (body 

mass index; BMI) a objem krve. Manouche-

hrinia et al [32] tento vztah analyzovali na 

velkém souboru kontrol (n = 662) a prokázali 

významnou negativní korelaci mezi koncen-

trací pNfL a BMI s poklesem o 0,02 pg/ ml na 

vzestup BMI o jednotku. Vztah mezi koncen-

tracemi p/ sNfL a BMI popsaný Manouchehri-

niou et al u zdravých platil také pro pacienty 

s RS a mentální anorexií [32–34]. Snížení kon-

centrace pNfL o 0,15 pg/ ml bylo zazname-

náno při zvýšení objemu krve o 1 l u zdra-

vých kontrol. Jiná je pak situace v průběhu 

fyziologického těhotenství, které je doprová-

zeno vzestupem koncentrací NfL v krvi [20]. 

Biologická variabilita

Důležitou vlastností analytu je jeho stabi-

lita u jedince v čase. Intraindividuální kolísání 

koncentrací sNfL v průběhu dne a mezi dny 

je minimální (3,1 %), ale interindividuální va-

riabilita je výrazná (35,6 %) [35].

Další bio logické vlivy

Kromě výše uvedených vlivů byly popsány 

i další faktory s dopadem na koncent-

race NfL v krvi, jako jsou kouření, systolický 

krevní tlak, fi brilace síní, onemocnění PNS, 

užívání neurotoxických léků, které větši-

nou přispívají ke zvýšení koncentrací. Přihlí-

žet je zapotřebí i ke stavu hematoencefalické 

bariéry [20,24]. 

Vliv teploty a doby skladování 
na stabilitu NfL v bio logických 
tekutinách 
NfL je stabilním analytem při skladování 

vzorku při nízkých i vyšších teplotách. Sta-

bilita NfL byla prokázána jak v MMM, tak 

v séru/ plazmě. 

Mozkomíšní mok

Koncentrace cNfL ve vzorcích zpracovaných 

po jedné nebo 24 h po odběru se významně 

nelišily bez ohledu na teplotu skladování 

(pokojová teplota, 4 °C). Stabilita koncentrací 

cNfL je zachována i po dobu 21 dnů při růz-

ných teplotách v rozmezí od −20 °C do 37 °C 

při srovnání s teplotou −80 °C [36].

 NfL v MMM jsou odolná vůči opakova-

nému zmrazování a rozmrazování (−80 °C 

a pokojová teplota). Byly testovány čtyři 

cykly bez významných změn v koncentraci 

cNfL [36].

Sérum, plazma

Koncentrace s/ pNfL zůstávají stabilní 

7–8 dnů, když jsou uchovávány při pokojové 

teplotě nebo při 4 °C [37,38]. Stabilita NfL je 

za situace několikadenního uchování při po-

kojové teplotě mírně vyšší v séru než v EDTA 

plazmě [38]. Stabilitu si NfL udržují i při opa-

kovaném zmrazování a rozmrazování. Kon-

centraci sNfL a EDTA plazmy významně neo-

vlivnil ani 3–5× opakovaný cyklus rozmrazení 

a zmrazení [37,39].

Další preanalytické vlivy 
na koncentraci NfL
Mozkomíšní mok

Nízká, tj. 0,05% (odpovídá 2 500 erytro-

cytů/ μl) kontaminace vzorku MMM krví ne-

měla při 1–2hodinovém skladování při poko-

jové teplotě dopad na změnu koncentrace 

cNfL, ale větší, 5% kontaminace (odpovídá 

250 000 erytrocytů/ μl) se již odrazila ve zvý-

šení koncentrace cNfL až o 66 %. Nižší tep-

lota při 4 °C snižovala míru nárůstu koncen-

trací cNfL. Podobné ovlivnění koncentrací 

cNfL se projevilo i při skladování vzorků po 

delší dobu (4–24 h) [36].

Sérum, plazma

Koncentraci v plazmě může ovlivnit použitý 

typ odběrové zkumavky s rozdílnými anti-

koagulačními přísadami. Plazmy s různými 

antikoagulačními prostředky pro stanovení 

NfL by neměly být zaměňovány, i když hod-

noty koncentrací spolu významně kore-

lují [39]. Podle studie Ashtona et al [39] nej-

nižší koncentrace pNfL stanovené pomocí 

Simoa® (single molecule array) (Quanterix, 

Billerica, MA, USA), na HD-X analyzátoru po-

skytuje citrátová plazma, následuje plazma 

s EDTA a nejvyšší koncentrace jsou získávány 

z plazmy ze zkumavek s heparinem lithným. 

Koncentrace NfL v citrátové plazmě byly 

o 20 % nižší než v plazmě EDTA. Podle růz-

ných studií jsou koncentrace NfL v séru vyšší 

asi o 11 % než v EDTA plazmě, ale je mezi 

nimi vyjádřena signifi kantní korelace nebo 

se neliší [26,39,40]. Při srovnání mezi sérem 

a plazmou s heparinem lithným nebyl pozo-

rován rozdíl [39].

Pro stanovení s/ pNfL je zapotřebí přihléd-

nout k hemolýze vzorku vzhledem ke sku-

tečnosti, že erytrocyty obsahují ně kte ré cy-

toskeletální struktury, vč. NfL [41]. Pomocí 

vysoce citlivé metody Simoa® byly v lyzá-

tech z erytrocytů prokázány nízké koncen-

trace NfL, které korelovaly s koncentracemi 

NfL v plazmě [42]. 

Dalším preanalytickým faktorem, který 

může mít dopad na přesnost stanovení kon-

centrace NfL v plazmě, je doba, jež uplyne 

mezi odběrem a centrifugací. I v tomto případě 

se projevuje dobrá stabilita NfL. Koncentrace 

NfL v EDTA plazmě, která byla získána stan-

dardním způsobem (centrifugací krve během 

dvou hodin po odběru) signifi kantně korelo-

vala s koncentracemi NfL v plazmě získané od-

dálenou centrifugací krve za různých podmí-

nek (po 48 h stání krve při pokojové teplotě, 

při 37 °C), i když bylo pozorováno mírné zvý-

šení [43]. Dobré výsledky přineslo i testování 

koncentrací NfL v eluátech z krve odebrané 

ve formě skvrn na speciální kartičky, hodnoty 

koncentrací NfL získané z těchto tekutin však 

byly signifi kantně nižší [43].

Metody pro stanovení NfL 
v bio logických tekutinách
Koncentrace NfL v klinických studiích se sta-

novují především imunoanalytickými meto-

dami, které se liší citlivostí. Proto volba opti-

Tab. 1. Koncentrace NfL v různých biologických tekutinách u zdravých osob analyzo-
vané pomocí souprav Simoa NF-light™ Advantage Kit Quanterix*.

Biologická tekutina
Koncentrace NfL

medián
pg/ml

Citace

mozkomíšní mok 317 (n = 35) [51]

sérum 6,96 (n = 132) [51]

plazma (EDTA) 5,87 (n = 129) [51]

sliny 2,3** (n = 17) [25]

*nejedná se o referenční rozmezí; **hodnota odpovídá průměru

EDTA – kyselina ethylendiamintetraoctová; n – počet; Nfl  – neurofi lamenta
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málního analytického přístupu závisí mimo 

jiné na koncentracích NfL v bio logických 

tekutinách.

Stanovení NfL 

v mozkomíšním moku

Pro stanovení cNfL lze využít metod ELISA, 

které vykazují dostačující citlivost pro vyšší 

koncentrace NfL vyskytující se v této bio-

logické tekutině. Před dostupností imu-

noanalytických souprav pro měření NfL 

v krvi byly koncentrace NfL ve většině klinic-

kých studií analyzovány pomocí komerčně 

dostupné soupravy NF-light® (Neurofila-

ment light) ELISA firmy UmanDia gnostics 

(Umeå, Švédsko). Tato sendvičová ELISA vyu-

žívá dvou vysoce specifi ckých monoklonál-

ních protilátek. Jejich reaktivita je namířena 

proti odlišným epitopům lokalizovaným 

v centrální tyčovité oblasti (rod domain) mo-

lekuly NfL (obr. 1) [44,45]. 

Stanovení NfL v krvi (plazmě, séru)

Vyšetření v krvi zpočátku bránila nedosta-

tečná citlivost metod ELISA pro stanovení 

nízkých koncentrací NfL, o čemž jsme se 

sami přesvědčili [14]. O něco vyšší citlivosti 

dosahují imunoanalytické metody založené 

na detekci elektrochemiluminiscenčního 

signálu, který využívá pro elektrochemilu-

miniscenční metody (ECL) společnost MESO 

Scale DiscoveryTM (Rockville, MD, USA) [37]. 

Nově jsou dostupné i citlivější ELISA sou-

pravy pro stanovení NfL v séru, s nimiž ale 

zatím nemáme zkušenosti. Postupně zavá-

děné nové technologie charakterizované 

výrazně vyšší citlivostí umožnily spolehlivé 

vyšetřování NfL i v séru či plazmě, ale při 

vhodném ředění jimi lze samozřejmě stano-

vovat i koncentrace v MMM [13].

Vysoce citlivé metody jsou postavené na 

technologii Simoa®, SimplePlexTM (Protein-

Simple, San Jose, CA, USA) a IMR (immuno-

magnetic reduction) [46,47]. Principy uvede-

ných imunoanalytických technik se liší. 

Vysoce citlivé imunoanalytické 
metody pro stanovení NfL
Simoa®

Simoa®, o níž se hovoří také jako o digitální 

ELISE, využívá základních principů ELISY, je-

jichž modifi kací je dosaženo schopnosti de-

tekovat koncentrace proteinů v jednotkách 

fg–pg/ ml [13,48–50].

V průběhu stanovení NfL metodou 

Simoa® se na paramagnetických částicích, 

které jsou označeny specifi ckými anti-NfL 

protilátkami, vytvoří sendvičový imunokom-

plex. Jeho součástí je protilátka na částici, 

dále NfL ze vzorku, popř. standardu a druhá 

anti-NfL protilátka, k níž se prostřednictvím 

vazby bio tin-streptavidin připojí enzym β-

-galaktosidáza. Po vytvoření sendvičového 

komplexu se jednotlivé paramagnetické 

částice s roztokem fl uorogenního substrátu 

rozdělí do pole obsahujícího několik set tisíc 

mikrojamek. Poté se v každé jamce detekuje 

fluorescence vzniklá rozkladem substrátu 

prostřednictvím β-galaktosidázy přítomné 

v imunokomplexu. Fluorescenční signál je 

dále vyhodnocován pomocí softwaru, který 

je součástí analyzátoru [13,49,50]. Soupravy 

Simoa® využívají stejné protilátky, jako jsou 

ty v soupravách ELISA UmanDia gnostics [51].

Metoda stanovení NfL na principu 

Simoa® je v současnosti považována za re-

ferenční metodu pro stanovení NfL v séru či 

plazmě [46]. Kromě vysoké citlivosti a nízké 

spotřeby vzorku patří k jejím výhodám i ši-

roký rozsah měřitelných koncentrací umož-

ňující stanovení NfL v MMM a v séru či 

plazmě, a to dokonce i u osob bez onemoc-

nění CNS i PNS [51]. Další výhodou techno-

logie Simoa® je dostupnost komerčních 

souprav, které lze zpracovávat na několika 

typech analyzátorů fi rmy Quanterix (Bille-

rica, MA, USA). Pro každý z analyzátorů jsou 

vyvinuty speciální soupravy a k dispozici 

jsou i takové, v nichž lze NfL analyzovat spo-

lečně s dalšími proteiny ve formě multiplexu. 

Koncentrace pNfL stanovené samostatně 

vysoce korelovaly s výsledky NfL měře-

ných jako součást multiplexu [52]. Souprava 

Simoa NF-light® Advantage Kit je určena pro 

stanovení NfL v séru, plazmě a MMM [51]. 

Jako kalibrátor využívá rekombinantní lidský 

NfL, který nahradil v minulosti používaný ka-

librátor hovězího původu. Starší výsledky zís-

kané prostřednictvím hovězího kalibrátoru 

lze přepočítat pomocí poměru 5 : 1 (kon-

centrace NfL určená pomocí hovězího kalib-

rátoru = 5× koncentrace určená pomocí re-

kombinantního lidského kalibrátoru). 

SimplePlex

Další citlivou imunoanalytickou metodou 

vhodnou pro stanovení nízkých koncentrací 

NfL v krvi je technika založená na nové au-

tomatizované platformě SimplePlexTM [46]. 

Imunochemická reakce probíhá v kanál-

cích, z nichž v každém jsou zabudovány tři 

skleněné komůrky (nanoreaktory) umožňu-

jící provedení analýzy každého vzorku v tri-

plikátu. Na vnitřním povrchu komůrek je na-

vázána specifická protilátka, která zachytí 

antigen obsažený ve vzorku. K detekci vznik-

lého imunokomplexu slouží další protilátka 

označená fluorescenčním barvivem. Ana-

lýza je plně automatizovaná pomocí analy-

zátoru ELLATM, jenž měří fl uorescenční sig-

nál [53]. Platforma SimplePlexTM je schopna 

i multiplexových analýz pro stanovení ně-

kolika bio markerů současně. Zcela nedávno 

byla publikována studie srovnávající koncen-

trace sNfL stanovené technologiemi Sim-

plePlexTM ELLATM a Simoa® [46]. Srovnání uká-

zalo silnou korelaci mimo jiné i díky tomu, že 

obě metody používají stejné anti-NfL proti-

látky. Na rozdíl od protilátek byl v obou sou-

pravách odlišný standard, což se odrazilo 

v rozdílných absolutních koncentracích sNfL. 

Vzhledem k linearitě vztahu je možný přepo-

čet koncentrací získaných oběma metodami 

pomocí korekčního faktoru.

Imunomagnetická redukce

Pro nízké koncentrace NfL byla vypraco-

vána i metoda na bázi imunomagnetické 

redukce (IMR), jejíž vývoj je spojen se spo-

lečností MagQu Co. Ltd. (Taiwan) /  MagQu 

LLC (USA) [47,54]. IMR je založena na mě-

ření poklesu magnetického signálu, ke kte-

rému dochází po vytvoření imunokomplexu 

na povrchu magnetických nanokuliček. Tyto 

nanokuličky vyrobené z Fe
3
O

4
 mají na povr-

chu navázané specifi cké protilátky. V mag-

netickém poli střídavého proudu kuličky 

oscilují. Po navázání antigenu na kuličku pro-

střednictvím specifi cké protilátky se kuličky 

zvětšují a ně kte ré shlukují, což má za ná-

sledek snížení rychlosti jejich oscilace. Tato 

změna rychlosti oscilace je úměrná množ-

ství vázaného analytu a lze ji přímo změ-

řit. Signál IMR je analyzován velice citlivým 

magnetometrem. Na rozdíl od výše uvádě-

ných imunoanalytických metod je zapotřebí 

pouze jedné protilátky a provedení metody 

nevyžaduje promývací kroky. 

Metoda IMR pro měření NfL nevyužívá 

anti-NfL protilátky UmanDia gnostics, nýbrž 

anti-NfL protilátky Santa Cruz Biotechno-

logy, Inc. Standard má povahu rekombinant-

ního lidského NfL. Předklinické testování 

metody pro vyšetřování NfL pomocí IMR 

ukázalo, že test se vyznačuje mimořádnou 

citlivostí a vysokou specifi čností [47]. 

Základní údaje týkající se různých techno-

logií pro stanovení NfL jsou shrnuty v tab. 2.

Perspektivy v analytice
Další krok v analytice NfL představuje adap-

tace vysoce citlivé metody pro rutinní imu-

noanalytickou platformu Siemens – ADVIA 

Centaur® a Atellica® (Siemens, Mnichov, Ně-
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mecko) [55]. Nová imunoanalýza vykazuje 

vysokou korelaci s metodou Simoa® (NfL-li-

ght® Advantage Kit, Quanterix) [55] .

Jedním z trendů v bio chemické dia-

gnostice jsou multiplexové analýzy. Pro neu-

rologické bio markery jsou ve formě až kva-

druplexu vč. NfL k dispozici od společnosti 

Quanterix. Nový analytický přístup volí Olink 

Proteomics (Uppsala, Švédsko). Využívá tech-

nologie PEA (Proximity Extension Assay) spo-

jující princip imunochemické reakce s poly-

merázovou řetězovou reakcí [56]. Uvedená 

technologie umožňuje vytváření multiplexů 

pro stanovení vysokého počtu analytů, mezi 

nimiž jsou zařazena i NfL, které jsou součástí 

panelu Olink® Target 96 Neuro Exploratory.

Závěr
NfL představují perspektivní nespecifi cký bio-

marker poškození neuronů a axonů, k němuž 

dochází u celé řady neurologických onemoc-

nění. Pro stanovení NfL existuje několik imu-

noanalytických přístupů vhodných pro spo-

lehlivé vyšetření v MMM i v séru/ plazmě. 

Postupně jsou studovány preanalytické a ana-

lytické vlivy, které mají dopad na výsledek sta-

novené koncentrace NfL. Při hodnocení kon-

centrací je zapotřebí brát v úvahu věk pacienta 

a BMI. Výhodou NfL je jejich dlouhodobá sta-

bilita při různých teplotách i odolnost vůči 

opakovaným cyklům zmrazování a rozmrazo-

vání. Je zřejmé, že se postupně rozšiřuje na-

bídka nových technologických přístupů, které 

se zdají být perspektivními pro vyšetřování 

i velmi nízkých koncentrací NfL. I v ČR existují 

pracoviště, která provádějí stanovení NfL v krvi, 

zatím na výzkumné bázi. V této souvislosti se 

naléhavým problémem stává standardizace 

stanovení NfL, zahrnující výběr referenční ana-

lytické metody a přípravu certifi kovaného re-

ferenčního materiálu. Při zavedení vyšetřování 

NfL do klinické praxe bude také nutné zajistit 

systém externí kontroly kvality, jako je tomu 

u jiných analytů. Bude zajímavé sledovat, jaké 

místo zaujmou sérové koncentrace NfL v dia-

gnostice neurologických onemocnění vedle 

zobrazovacích metod mozku, vyšetření MMM 

a kognitivních testů [57–59].
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BACKGROUND: The role of cholesterol homeostasis in neuroaxonal injury in multiple sclerosis is
not known.

OBJECTIVE: The objective of the study is to investigate the associations of cerebrospinal fluid
(CSF) and serum neurofilament light chain levels (CSF-NfL and sNfL, respectively), which are bio-
markers of neuroaxonal injury, with cholesterol biomarkers at the clinical onset of multiple scle-
rosis.

METHODS: sNfL, serum cholesterol profile (total cholesterol, high-density lipoprotein choles-
terol, and low-density lipoprotein cholesterol), serum apolipoprotein (Apo) levels (ApoA-I,
ApoA-II, ApoB, and ApoE), and albumin quotient were obtained for 133 patients (63% female,
age: 29.9 6 8.0 years) during the first demyelinating event. CSF-NfL was available for 103
(77%) patients.

RESULTS: CSF-NfL and sNfL were negatively associated with serum ApoA-II (P 5 .005,
P , .001) and positively associated with albumin quotient (P , .001, P , .0001). In addition, higher
CSF-NfL was associated with lower serum ApoA-I (P 5 .009) levels and higher sNfL was associated
with lower high-density lipoprotein cholesterol (P 5 .010). In stepwise regression, age (P 5 .045),
serum ApoA-II (P 5 .022), and albumin quotient (P , .001) were associated with CSF-NfL; albumin
quotient (P 5 .002) and ApoA-II (P 5 .001) were associated with sNfL. Path analysis identified par-
allel pathways from ApoA-II (P 5 .009) and albumin quotient (P , .001) to the sNfL outcome that
were mediated by CSF-NfL (P , .001). The associations of CSF-NfL with ApoA-I (P 5 .014) and
ApoA-II (P 5 .015) and sNfL with ApoA-II (P , .001) remained significant after adjusting for num-
ber of contrast-enhancing lesions and T2 lesion volume.

CONCLUSION: Lower serum ApoA-II and ApoA-I levels are associated with greater neuroaxonal
injury as measured by CSF-NfL.
� 2020 National Lipid Association. All rights reserved.
Introduction

Neurofilament light chain (NfL) are cytoskeletal pro-
teins in nervous tissue that are shed on axonal injury and
can be measured in the cerebrospinal fluid (CSF-NfL) and
serum (sNfL). NfL are a promising biomarker in multiple
sclerosis (MS) and other neurological diseases.1,2 sNfL are
increased during MS disease activity3 and predict future
disease progression,4 lesion activity, and brain atrophy on
magnetic resonance imaging (MRI).5 CSF-NfL and sNfL
levels in early MS reflect mostly inflammation-mediated
neurodegeneration with contributions from noninflamma-
tory neurodegeneration.6–8

It is important to delineate the role of modifiable
factors that can slow neuroaxonal injury in early MS.
Cholesterol has critical roles in metabolism, inflamma-
tion, and neuroaxonal integrity, and its levels are modu-
lated by genetic, environmental, and lifestyle factors.
Cholesterol homeostasis plays a vital role in axonal repair
and has been shown to be a rate limiting step in central
nervous system (CNS) myelination in animal models,
while also promoting repair when supplemental choles-
terol is provided.9,10 In addition, protective associations of
high-density lipoprotein (HDL) cholesterol and apolipo-
proteins in established and early MS have been demon-
strated.11–14 The pleiotropic roles of cholesterol
homeostasis in MS neurodegeneration and lesion forma-
tion motivated this study whose goal was to assess the
interdependence between neurofilament levels and serum
cholesterol biomarkers.
Material and methods

Study population

Clinical study design
The Observational Study of Early Interferon beta 1-a

Treatment in High-Risk Subjects after Clinically Isolated
Syndrome (CIS) (SET study, clin.gov # NCT01592474)
was a prospective, longitudinal observational study coordi-
nated by Charles University in Prague, Czech Republic.

The SET study design has been previously described.15–
17 The SET study protocol was approved by the Medical
Ethics Committees of the General University Hospital
and 1st Faculty of Medicine of Charles University, Prague,
Czech Republic. The study screened 259 patients and
enrolled 220 patients from 8 Czech Republic MS centers.
Clinical data were available for 211 patients.

Informed consent
Written informed consent was obtained from all patients

at the time of enrollment.

Inclusion criteria
Patients were enrolled within 4 months after their first

clinical event suggestive of MS. Inclusion was based on the
following characteristics: 18–55 years of age, presence of
$ 2 T2-hyperintense lesions on diagnostic MRI, and
presence of $ 2 oligoclonal bands in CSF obtained before
corticosteroid treatment and Expanded Disability Status

http://clin.gov
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Scale # 3.5. This substudy included 133 patients with age
$ 18 years for whom CSF-derived measures of blood brain
barrier (BBB) permeability and sNfL levels were available.

Treatments
All patients were treated with 3–5 g of methylprednis-

olone for the first symptom. Baseline MRI was performed
$ 30 days after steroid administration and within 4 months
after disease onset. All patients were started on 30 mg, once
weekly, intramuscular interferon beta 1-a (AVONEX)
treatment at baseline.

CSF and blood draws
CSF and blood were obtained before treatment with

corticosteroids at the study-coordinating center during the
morning hours. A total of 20–25 mL of CSF was drawn
from the L5-S1, L4-5, or L3-4 interspace. A 5-mL volume
of blood was obtained.12,17

All biochemical and imaging measurements were per-
formed on coded samples and images, and technicians were
blinded to clinical and/or MRI data.

CSF and serum neurofilaments

CSF-NfL levels were measured by enzyme-linked
immunosorbent assays using the NF-light enzyme-linked
immunosorbent assay kit (UmanDiagnostics AB, Umea,
Sweden) by the General Faculty Hospital laboratory,
Prague. Interassay coefficients of variation for CSF samples
were 1.5%.

sNfL levels were measured using a Single Molecule
Array (SIMOA) assay at the University Hospital, Basel.18

The mean intra-assay coefficient of variation of duplicate
determinations for concentration was 6.4%. Interassay co-
efficients of variation for 3 native serum samples were
below 10% (ie, 7.8%, 8.8%, and 5.5% for 7.0 pg/mL).8

Serum lipids and apolipoproteins

Serum was obtained from patients at the screening visit
before the start of corticosteroid or interferon treatment for
analysis of apolipoproteins and lipid profile.

Serum total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), and triglycerides were measured with
diagnostic reagent kits from Sekisui Diagnostics (Lexing-
ton, MA). Low-density lipoprotein cholesterol (LDL-C)
was obtained from the Friedewald equation.19 Apolipopro-
tein levels (ApoA-I, ApoA-II, ApoB, and ApoE) were
analyzed by immunoturbidimetric methodology using diag-
nostic kits from Kamiya Biomedical (Thousand Oaks, CA).
These assays were adapted to the ABX Pentra 400 auto-
mated chemistry analyzer (Horiba Instruments, Irvine,
CA). The coefficient of variation of these assays is ,
5%. For convenience, we refer to TC, HDL-C, LDL-C,
ApoA-I, ApoA-II, ApoB, or ApoE as cholesterol
biomarkers.
Albumin and immunoglobulins in serum and CSF

CSF total protein was measured photometrically with
the pyrogallol red-molybdate reaction method on a Syn-
chron LX 20 analyzer (Beckman Coulter). Serum and CSF
albumin, immunoglobulin G (IgG), and immunoglobulin M
(IgM) concentrations were measured by immunonephel-
ometry (IMMAGE Immunohistochemistry system, Beck-
man Coulter). The albumin quotient, IgG quotient, and IgM
quotient were defined as the ratio of the corresponding CSF
to serum concentrations, respectively.20–22

MRI measures

MRI was performed with a standardized protocol on the
same 1.5-T scanner (Gyroscan; Philips Medical Systems,
Best, the Netherlands). Axial brain acquisitions included
fluid-attenuated inversion recovery, three-dimensional T1-
weighted images, and T1 spin-echo images before and
5 min after a single injection of 0.1 mmol/kg of gadopen-
tetate dimeglumine. The MRI acquisition and analysis
methods have been previously described.23,24 This study
also assessed the number and volume of T2 and contrast-
enhancing lesions (CELs) at baseline.

Data analysis

SPSS (IBM Inc, Armonk, NY, version 19.0) statistical
program was used. sNfL and CSF variables (albumin, IgG,
IgM, and albumin quotients, IgG, IgM indices) and T2
lesion volume (T2-LV) were logarithm (base 10) trans-
formed to reduce skew.

For regression analyses, CSF-NfL and sNfL were treated
as dependent variables. The independent variables were as
follows: age, sex, body mass index (BMI), and individual
cholesterol biomarker of interest.

The associations of cholesterol biomarkers and other
demographic variables associated with CSF-NfL or sNfL
levels were investigated with stepwise regression with
forward selection. The probability of the F-statistic for
variable entry was 0.05 and that for variable removal was
0.1. Separate regressions were conducted for CSF-NfL and
sNfL levels, which were treated as the target dependent
variables of interest. The candidate variable list for the
CSF-NfL and sNfL target dependent variables was as
follows: age, sex, BMI, TC, HDL-C ApoA-I, ApoA-II,
ApoB, LDL-C, albumin quotient, IgG quotient, IgM quo-
tient, IgG index, and IgM index.

Mediator and moderator analyses were conducted for
assessing the possible association pathways between ApoA-
II, albumin quotient, and CSF-NfL using PROCESS (v3.4)
regression analysis software for SPSS andmethodology in the
study by.Hayes.25 Moderation was assessed with main effects
and a product term of centered Z-scores of all biomarker prod-
uct terms. All these analyses were adjusted for age, sex, and
BMI. Bootstrap P-values were obtained using 5000 samples.
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The interdependencies between ApoA-II, albumin quo-
tient, CSF-NfL, and sNfL were assessed using the path
analysis method in the IBM SPSS AMOS (IBM Inc,
Armonk, NY, version 26) structural equation modeling
software. Maximum likelihood estimation was used, and
missing data were handled listwise.

We conducted additional regression analyses that
adjusted for imaging markers of CNS inflammation. In these
analyses, CSF-NfL and sNfL were dependent variables with
age, sex, BMI, individual cholesterol biomarker of interest,
CEL number, and T2-LVas independent variables.

The Benjamini-Hochberg method with q 5 0.05 was
used to control false discovery rate.26 The tables and results
Table 1 Demographic and clinical characteristics of the study samp

Demographic characteristics All Subs

Sample size, n 133 103
Age, y 29.9 6 8.0 29
Sex
male 49 (37%) 44 (
Female 84 (63%) 59 (

EDSS at baseline, median (IQR) 1.5 (0.5) 1.5 (
MRI measures at baseline
CEL number 1.02 6 3.3 0.7
T2-LV, cm3 5.37 6 6.4 5.4
Brain volume, cm3 1500 6 72 151

Neurofilament levels
CSF-NfL, ng/mL – 1
Serum NfL, pg/mL 37.8 6 53 33

Cholesterol biomarkers
Total cholesterol, mg/dL 206 6 47 20
HDL cholesterol, mg/dL 70.7 6 18 71
LDL cholesterol, mg/dL 135 6 36 13
Apolipoprotein A-I, mg/dL 160 6 39 16
Apolipoprotein A-II, mg/dL 37.6 6 8.0 37
Apolipoprotein B, mg/dL 75.0 6 23 75
Apolipoprotein E, mg/dL 3.32 6 1.0 3.3

CSF measures
CSF albumin (mg/L) 0.222 6 0.090 0.22
Albumin quotient (mg/g) 4.84 6 1.9 4.8
IgG quotient (mg/g) 4.32 6 2.5 4.2
IgG index 0.895 6 0.40 0.88
IgM quotient (mg/g) 1.14 6 1.3 1
IgM index 0.249 6 0.34 0.24

Outcomes at 4 yx

Relapsing activity 71 (53%) 52 (
PBVC, Mean (SD) 22.39 6 2.1 22.2
NEDA-4 statusk 15 (13%) 12 (

CELs, contrast-enhancing lesions; CSF, cerebrospinal fluid; EDSS, Exp

immunoglobulin; IQR, interquartile range; LDL, low-density lipoprotein; MRI

NfL, neurofilament light chain; PBVC, percent brain volume change; SD, stand

Gadolinium contrast–enhancing lesions. Demographics, sNfL, cholesterol b

*Independent samples t-test.

†Fisher’s exact test.

‡Mann-Whitney U-test.

xLong-term clinical outcomes of the frequency of patients with relapsing ac

of disease activity-4 (NEDA-4: absence of relapses, disability progression, active

presented for showing that the included group is representative.

kNEDA-4 was available for 120 patients.
summarize the raw, unadjusted P-values; the variables with
q # 0.05 are highlighted with an asterisk.
Results

Demographic and clinical characteristics

The demographic, clinical, MRI at baseline, neurofila-
ment, cholesterol biomarkers, CSF measures at screening,
and longitudinal outcomes at 4 years of the study sample
are summarized in Table 1.
le

et with CSF-NfL Subset without CSF-NfL P-value

(77%) 30 (23%) –
.3 6 7.7 31.1 6 8.9 .38*

43%) 5 (17%) .010†

57%) 25 (83%)
0.5) 2.0 (1.0) .39‡

2 6 1.9 2.14 6 6.1 .23‡

7 6 6.5 5.03 6 6.2 .43‡

0 6 81 1500 6 70 .31*

.5 6 1.6 – –

.2 6 31 53.8 6 95 .25*

7 6 48 201 6 45 .53*
.0 6 17 69.4 6 18 .65*
6 6 38 132 6 33 .53*
1 6 39 156 6 39 .59*
.8 6 7.3 36.6 6 10 .53*
.9 6 23 71.7 6 22 .36*
1 6 0.98 3.35 6 1.3 .077*

3 6 0.092 0.219 6 0.086 .83*
6 6 1.6 4.80 6 1.9 .88*
4 6 2.4 4.57 6 2.7 .54*
0 6 0.40 0.945 6 0.43 .38*
.1 6 1.4 1.17 6 1.1 .81*
9 6 0.37 0.246 6 0.21 .95*

73%) 19 (27%) .30†

1 6 1.9 23.03 6 2.6 .067*
80%) 3 (20%) 1.0†

anded Disability Status Scale; HDL, high-density lipoprotein; Ig,

, magnetic resonance imaging; NEDA, no evidence of disease activity;

ard deviation; T2-LV, T2 lesion volume.

iomarkers, and CSF measures were obtained at screening.

tivity, annualized percent brain volume change (PBVC), and no evidence

brain MRI lesions, and annualized PBVC , -0.4%) status at 4-y data are



Table 2 Associations of albumin quotient with CSF-NfL, sNfL, and cholesterol variables

Predictor variable†
CSF-NfL levels‡ sNfL levels‡

rp P rp P

Total cholesterol –0.19 .069 –0.16 .074
HDL cholesterol –0.14 .18 –0.23 .010*
LDL cholesterol –0.16 .10 -0.092 .30
Apolipoprotein A-I –0.26 .009* –0.19 .028
Apolipoprotein A-II –0.28 .005* –0.32 ,.001*
Apolipoprotein B –0.17 .098 –0.11 .23
Apolipoprotein E –0.10 .32 –0.063 .48
Albumin quotient‡ 0.36 ,0.001* 0.34 ,.001*

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sNfL, neurofilament light

chain levels in serum.

*Significant after Benjamini-Hochberg adjustment at a false discovery rate of 0.05.

†Partial correlation (rp) and P-value from linear regression adjusted for age, sex, and body mass index are shown.

‡Log base 10 transformed.
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Table 1 also compares the demographic, clinical, and neu-
roimaging measures in the included subset with CSF-NfL,
which were generally similar to the excluded subset that
did not have CSF-NfL. The only exception was the
Figure 1 Associations of neurofilament light chain levels in cerebrospi
of high-density lipoprotein cholesterol (HDL-C, A), apolipoprotein A-I
tient (QAlb, G). The corresponding associations of serum neurofilament l
tiles of HDL-C (B), ApoA-I (D), ApoA-II (F), and albumin quotient (QA

shown on the y-axis for quartiles of the HDL-C biomarker or albumin qu
mean. The P-values from the linear regression results shown in Table 1
proportion of females to males in the included subset without
CSF-NfL (49% female, 43% male), which was lower than
that in the excluded subset that did not have CSF-NfL avail-
able (83% female, 17% male, P5 .010, Fisher’s exact test).
nal fluid (CSF-NfL in ng/mL, blue bars) are shown for the quartiles
(ApoA-I, C), apolipoprotein A-II (ApoA-II, E), and albumin quo-
ight chain levels (sNfL in pg/ml, gray bars) are shown for the quar-

lb, H). The bars compare mean values of the CSF-NfL or sNfL as
otient shown on the x-axis. The error bars are standard error of the
adjusted for age, sex, and body mass index are shown.



Figure 2 Results frommediation analysis for ApoA-II (A) and al-
bumin quotient (B). The values of the standardized regression coef-
ficients from mediation analysis are shown against the arrows; a
represents the standardized coefficient for the effect of ApoA-II in
(A) and albumin quotient in (B); b represents the standardized coef-
ficient for the effect of CSF-NfL on sNfL in (A and 2); c represents
the standardized coefficient for the total effect in the absence of
mediation between ApoA-II and sNfL in (A) and mediation be-
tween albumin quotient and sNfL in (B); c’ represents the standard-
ized coefficient for the direct effect between ApoA-II and sNfL in
the presence of mediation in (A) and between albumin quotient
and sNfL in (B). The P-values for a, b, c, and c’ are shown in paren-
thesis. For a b, the coefficient6 standard error and 95% confidence
intervals from 5000 bootstrap samples are shown. (C) summarizes
the results of path analysis using the SPSS AMOS structural equa-
tion modeling software tool. The standardized regression coeffi-
cients are shown against the arrows with the corresponding P-
values in parenthesis. The black lines indicate the path that includes
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Associations of CSF-NfL and sNfL with HDL-C
biomarkers

As summarized in Table 2 and Figure 1, CSF-NfL levels
were associated with serum ApoA-I (partial correlation
(rp) 5 20.26, P 5 .009), serum ApoA-II (rp 5 20.28,
P 5 .005), and albumin quotient (rp 5 .36, P , .001),
whereas sNfL levels were associated with HDL cholesterol
(rp 5 20.23, P 5 .010) and ApoA-II (rp 5 20.32,
P , .001) and albumin quotient (rp 5 0.34, P 5 ,.001).

Next, we conducted stepwise linear regression to
identify a parsimonious model that included the contribu-
tion of the variables acting together. Stepwise regression of
CSF-NfL identified age (rp 5 20.12, P 5 .045, Benjamini-
Hochberg q-value 5 0.045), albumin quotient (rp 5 0.36,
P , .001, q 5 0.003), and ApoA-II (rp 5 20.24,
P 5 .022, q 5 0.033) in the final model. Stepwise regres-
sion of sNfL identified albumin quotient (rp 5 .28,
P 5 .002, q 5 0.002) and ApoA-II (rp 5 20.29,
P 5 .001, q 5 0.002) in the final model. The stepwise
regression models for CSF-NfL and sNfL, which identified
ApoA-II and albumin quotient as predictors, were
confirmed using random forest regression (see
Supplemental Information).

Based on these results, we evaluated mediation and
moderation models for understanding the interdepen-
dencies among ApoA-II, albumin quotient, CSF-NFL,
and sNfL. Figure 2A summarizes the regression coeffi-
cients for all effects in the mediation model with
ApoA-II, CSF-NfL, and sNfL as predictor, mediator,
and outcome variables, respectively. We recapitulated ev-
idence for a total effect (c 5 20.25, P 5 .01) for the as-
sociation of ApoA-II with sNfL, which was concordant
with the initial regression analysis. The total effect was
abrogated when the mediation path involving the
ApoA-II and CSF-NfL was considered (c’ 5 20.04,
P 5 .53). Further support for mediation by the ApoA-
II–sNfL association by CSF-NfL was provided by the in-
direct effect (ab 5 20.21 6 0.08, 95% confidence inter-
val (CI): 20.35, 20.064), which was also significant
based on the bootstrap CIs. These results suggest that
the association of ApoA-II with sNfL is accounted for
by the mediation model terms for the association of
ApoA-II with CSF-NfL and the association of CSF-NfL
with sNfL.

Similarly, Figure 2B summarizes the regression coeffi-
cients for all effects in the mediation model with albumin
quotient, CSF-NfL, and sNfL as predictor, mediator, and
outcome variables, respectively. As expected, we found
the evidence for a total effect for the albumin quotient–
sNfL association (c 5 0.28, P 5 .005). The total effect
was abrogated (c’ 5 0.002, P 5 .98) when the mediation
path involving the albumin quotient and CSF-NfL
(ab 5 0.28 6 0.08, 95% CI: 0.13, 0.42) was considered.

In the mediation analyses, Figure 2A shows the total and
indirect effects of ApoA-II are negatively associated with
the sNfL outcome variable. Figure 2B shows the total and
the mediator, whereas the gray lines indicate the direct path.
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indirect effects of albumin quotient are positively associ-
ated with the sNfL outcome variable.

We assessed the combined effects of ApoA-II and
albumin quotient on sNfL via CSF-NfL mediation using
the path analysis model in Figure 2C that incorporated both
variables simultaneously with CSF-NfL mediation.
Figure 2C summarizes standardized coefficients of each
direct and indirect pathway. The pathways from ApoA-II
to CSF-NfL (standardized coefficient 5 20.23,
P 5 .009), albumin quotient to CSF-NfL (standardized
coefficient 5 0.35, P , .001), and CSF-NfL to sNfL (stan-
dardized coefficient 5 0.78, P , .001) remained signifi-
cant, whereas the direct pathways from ApoA-II to sNfL
(standardized coefficient 5 20.035, P 5 .56) and albumin
quotient to sNfL (standardized coefficient 5 20.02,
P 5 .915) were not significant, recapitulating the results
from the individual mediation models. These results sug-
gest parallel but oppositely acting associations for ApoA-
II and albumin quotient with sNfL that are mediated via
the CSF-NfL associations.

We also examined the corresponding moderation models
that included main effects and centered interaction terms
for ApoA-II with CSF-NfL, albumin quotients with CSF-
NfL, or both ApoA-II and albumin quotients with CSF-
NfL. The interaction terms were not significant in any of
the models (data not shown).

Associations of CSF-NfL and sNfL with HDL-C
biomarkers persist after adjusting for lesions

sNfL are known to be associated with CELs, which
represent focal areas of blood-brain barrier breakdown, and
with T2-LV, which are related to disease burden in MS.6

The goal of this analysis was to determine if ApoA-II ex-
plained variability in CSF-NfL and sNfL that was not ac-
counted for by lesional injury.6 In regression analyses
adjusted for age, sex, and BMI, we investigated whether
the associations of CSF-NfL and sNfL with ApoA-II re-
mained significant on including number of CELs and T2-
LV.

Table 3 shows that CSF-NfL remained associated with
ApoA-I (rp 5 20.25, P 5 .014) and ApoA-II
Table 3 Associations of CSF-NfL and sNfL with cholesterol variables

Predictor variable†
CSF-NfL levels‡

rp

HDL cholesterol 20.086
Apolipoprotein A-I 20.25
Apolipoprotein A-II 20.25

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-

*Significant after Benjamini-Hochberg adjustment at a false discovery rate

†Partial correlation (rp) and P-value from linear regression adjusted for age,

volume are shown.

‡Log base 10 transformed.
(rp 5 20.25, P 5 .015), whereas sNfL remained associated
with ApoA-II (rp 5 20.28, P 5 .001). Figure 3 graphically
summarizes CSF-NfL and sNfL levels in the groups with
and without CELs for the lowest and higher quartiles of
ApoA-II levels. These results are concordant with the pos-
sibility that ApoA-II has protective associations with neuro-
degeneration occurring at CNS sites outside of brain MRI-
evident lesions that could also contribute to CSF-NfL in
early MS.
Discussion

The associations of cholesterol biomarkers, BBB perme-
ability, and neuroaxonal injury were investigated in a
cohort of 133 patients with MS during the first demyelin-
ating event. Neuroaxonal injury was assessed by measuring
CSF-NfL and sNfL, and BBB integrity was assessed using
the albumin quotient. Using the path analysis approach, we
found evidence that ApoA-II has negative (protective)
associations with CSF-NfL, which is a mediator for sNfL
levels.

Our group has previously found that HDL-C and ApoA-I
had negative (protective) associations with BBB injury,12

and this finding provided the initial motivation for investi-
gating the associations of HDL-C and ApoA-I with NfL.
Although neuroprotective associations of ApoA-I and
ApoA-II with CSF-NfL were identified, we did not obtain
evidence for associations with HDL-C. This suggests that
the ApoA apolipoproteins rather than the HDL lipoprotein
particle containing HDL-C are important for conferring the
potential neuroprotective associations with CSF-NfL.
ApoA-II, which comprises approximately 20% of HDL
proteins, is the second most abundant apolipoprotein in
the HDL lipoprotein after ApoA-I.27 Although the critical
roles of ApoA-I in mediating HDL recognition by cells
and other lipoproteins and its protective associations with
cardiovascular disease risk are well established, the physi-
ological functions of ApoA-II are poorly understood.27

The association of ApoA-II with CSF-NfL and sNFL re-
mained significant after adjusting for both CEL number
and T2-LV. Lesion burden represents only the tip of the
after adjusting for the number of CELs and T2-lesion volume

sNfL levels‡

P rp P

.40 20.17 .055

.014* 20.18 .045

.015* 20.28 .001*

density lipoprotein; sNfL, neurofilament light chain levels in serum.

of 0.05.

sex, and body mass index, number of CELs, and log-transformed T2-lesion



Figure 3 Dependence of CSF-NfL (A) and sNfL (B) in the
groups with (gray region) and without (clear region) gadolinium
contrast–enhancing lesions present. The red bars represent mean
values for the group with the lowest quartile of ApoA-II levels,
and the blue bars represent the mean value for the higher quartiles
of ApoA-II. The error bars are standard errors of the mean. The P-
values for ApoA-II from Table 3 are also shown.
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iceberg of MS pathology, and neuroinflammatory changes
are often found in normal-appearing white and gray matter
of the brain and spinal cord.5,28 This might explain, why as-
sociation between neurofilament levels and ApoA-II re-
mained even after adjustment for focal lesion pathology.
On the other hand, ApoA-II may also be negatively
associated with neuroaxonal injury at CNS sites outside
of MRI-evident brain lesions, which is another pathophys-
iological mechanism responsible for brain pathology in
MS. However, the mechanisms that could mediate this
apparent neuroprotection are not known and we caution
against inferring a causal role from our results.

Our results raise intriguing questions regarding the site
of ApoA-II action and the MS pathophysiological processes
that are the primary target of its mechanism of action. It is
not clear, whether or not ApoA-II acts primarily in the CNS
to inhibit neurodegeneration and neuroinflammation or
whether there are also contributions from protective anti-
inflammatory and metabolic processes in the vascular
space. Although ApoA-I and ApoA-II proteins are present
in the CSF, ApoA-I or ApoA-II mRNA expression is not
found in CNS tissue.29 ApoA-I and ApoA-II proteins found
in CSF likely enter the CNS from the periphery via the
choroid plexus.29 This may potentially explain why serum
ApoA-II levels are associated with lower CSF-NfL.
Although it is thought that HDL particles do not cross the
BBB, there is evidence that a subset of small diameter
ApoA-I- and ApoA-II-containing particles enter the
CSF.30–32 These small diameter particles are cholesterol
poor, which may explain the absence of evidence for
HDL-C associations with CSF-NfL. HDL-C is a poor sur-
rogate for HDL-C particle numbers and functionality.
Impaired HDL functionality has been reported in patients
with MS,33,34 but the significance of these findings in pa-
tients with early MS after the first demyelinating event is
not clear.

A limitation of our work is that we did not have CSF
apolipoprotein levels: analysis of a more comprehensive
panel of CSF apolipoproteins including ApoAI/ApoAII and
ApoJ vs ApoE could help differentiate blood- vs CNS-
derived HDL, which could help clarify the association
between CSF ApoE level and neuroaxonal injury bio-
markers. CSF ApoA-I levels (0.37 6 0.08 mg/dL) are
more than 400-fold lower than in serum, and ApoA-II
levels are lower than ApoA-I levels in CSF.29,31,35 ApoA-I
and ApoA-II correlate between serum and CSF, whereas
ApoE does not.36 ApoE is the most abundant apolipopro-
tein in CSF. The CSF ApoE levels reported by Koch
et al.36 had a median of 0.73 (interquartile range: 0.059–
0.097) mg/dL, whereas Wahrle et al.37 reported a mean of
0.91 6 standard deviation 0.27 mg/dL. For comparison,
our serum ApoE levels (mean 3.32 6 1.0 mg/dL) were
nearly 4-fold greater than the reported CSF ApoE. As
CSF apolipoproteins have unknown diagnostic value, there
are no commercially available ApoE assays with the
required sensitivity. We did not have adequate CSF samples
and validated assays with the required sensitivity to conduct
CSF apolipoprotein analysis.

Mediation analysis and structural equation modeling are
rigorous methodologies for assessing potentially causal
pathways to surmise a directed statistical relationship
between an exposure variable and an outcome that involves
interdependence with other variables.25,38 An indirect
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pathway occurs when the exposure variable exhibits a sta-
tistically significant effect on the outcome through a medi-
ator variable. In this study, we performed 2 independent
mediation analyses using ApoA-II and albumin quotient
as the exposure variables, CSF-NfL as the mediator, and
sNfL as the outcome. These models provided support for
an indirect effect of ApoA-II or albumin quotient on
sNfL through CSF-NfL mediation. These pathways were
combined into a single path analysis model in the structural
equation modeling framework, wherein ApoA-II and albu-
min quotient provide parallel yet opposing indirect effects
on sNfL through CSF-NfL mediation. The indirect effect
of ApoA-II was negatively associated with increased
CSF-NfL levels, whereas albumin quotient was positively
associated with increased CSF-NfL levels.

Many MS treatments, including interferon beta, corti-
costeroids, dimethyl fumarate, and fingolimod, are known
to modulate HDL levels.39,40 However, it should be noted
that our lipid profiles were obtained at the screening visit
before the administration of corticosteroids for the demye-
linating event or initiation of the interferon beta-1a treat-
ment. Age, sex, and BMI, which are known to affect
HDL levels, were adjusted for in the regression analyses.
None of the patients were on statin therapies.

Our results demonstrating that ApoA levels have pro-
tective associations against neuroaxonal injury provide
support for a role for apolipoproteins and cholesterol
homeostasis in MS neurodegeneration. However, further
investigation of the underlying mechanisms is warranted in
next steps.
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Supplemental Table 1A Random forest regression variable importance (VIMP) values for the different cholesterol biomarkers for CSF-
NfL and sNfL levels

Predictors* sNfL VIMP Predictors* CSF-NfLVIMP

Apolipoprotein A-II 0.00699 Albumin quotient 0.0243
Albumin quotient 0.00649 Apolipoprotein A-II 0.00850
IgG quotient 0.00174 Apolipoprotein E 0.00691
LDL cholesterol 0.00122 IgG quotient 0.00662
Total cholesterol 0.00117 Age 0.00494
Age 7.19 ! 1024 Total cholesterol 0.00393
IgM quotient 6.39 ! 1024 Apolipoprotein A-I 0.00350
HDL cholesterol 3.99 ! 1024 IgG index 0.00311
IgM index 7.67 ! 1025 Apolipoprotein B 0.00297
IgG index 3.20 ! 1025 LDL cholesterol 0.00256
BMI 26.23 ! 1024 IgM quotient 0.00114
Sex 28.39 ! 1024 BMI 0.00110
Apolipoprotein B 20.00116 HDL cholesterol 6.29 ! 1024

Apolipoprotein A-I 20.00328 Sex 2.04 ! 1024

Apolipoprotein E 20.00330 IgM index 29.15 ! 1025

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sNfL, neurofilament light

chain levels in serum; BMI, body mass index; IgG, immunoglobulin G; IgM, immunoglobulin M; rp, partial correlation value.

*Log base 10 transformed values of sNfL, CSF-NfL, albumin quotient, IgG quotient, IgM quotient, IgG index, and IgM index were used.

Appendix

Supplemental material

Random forest regression methods

The stepwise regression results were confirmed using
random forest regression (RFR), an ensemble learning-
based method for identifying associations between predictor
variables and dependent variables. The R package random-
ForestSRC1 was used with mean squared error for the split
rule and the hyperparameters set to default values of 500
trees (ntrees), 5 random variables tried at each split
(mtry), and an average of 5 observations in each terminal
node in the forest (nodesize). Missing values were imputed.

The general framework of stepwise regression was main-
tained, wherein the dependent variables were either serum
neurofilament (sNfL) or cerebrospinal fluid neurofilament
(CSF-NfL) levels; the predictor variables included total
cholesterol, high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), apolipoprotein
A-I (ApoA-I), ApoA-II, ApoB, ApoE, albumin quotient,
immunoglobulin G (IgG) quotient, immunoglobulin M (IgM

quotient), IgG index, IgM index, age, body mass index, and
sex. Variable importance (VIMP)2 was used to identify the
highest contributing associations among the predictor vari-
ables, where larger values indicate greater importance.

Random forest regression results

Supplementary Table 1A shows the predictor variables
ordered by RFR VIMP for the dependent variables sNfL
and CSF-NfL. The most important predictor variables asso-
ciated with sNfL were ApoA-II (VIMP 5 .00699) and albu-
min quotient (0.00649), which are concordant with the
results from stepwise regression (Supplemental Table 1B).
However, age, which was identified in the stepwise regres-
sion model for sNfL, was the fifth most important predictor
variable from RFR VIMP. Albumin quotient (0.0243) and
ApoA-II (0.00850) were identified as the most important
variables associated with CSF-NfL, similar to the stepwise
regression results. The qualitative similarity of the results
from stepwise regression and RFR VIMP confirmed the us-
age of ApoA-II and albumin quotient in subsequent media-
tion and moderation analyses.
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Supplemental Table 1B Stepwise regression results for CSF-NfL and sNfL levels. The partial correlation (rp) and P-values are shown

Predictors* sNfL rp (P-value) Predictors* CSF-NfL rp (P-value)

Apolipoprotein A-II 0.360 (.00043) Albumin quotient 20.294 (.0010)
Albumin quotient 20.238 (.022) Apolipoprotein A-II 0.279 (.0019)
Age 20.209 (.045)

CSF-NfL, neurofilament light chain levels in cerebrospinal fluid; HDL, high-density lipoprotein; LDL, low-density lipoprotein; sNfL, neurofilament light

chain levels in serum; BMI, body mass index; IgG, immunoglobulin G; IgM, immunoglobulin M; rp, partial correlation value.

*Log base 10 transformed values of sNfL, CSF-NfL, albumin quotient, IgG quotient, IgM quotient, IgG index, and IgM index were used.
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A B S T R A C T

Background: Neurofilament light chain level in serum (sNfL) and cerebrospinal fluid (CSF-NfL) is a promising
biomarker of disease activity in multiple sclerosis (MS). However, predictive value of neurofilaments for de-
velopment of cognitive decline over long-term follow-up has not been extensively studied.
Objective: To investigate the relationship between early neurofilament levels and cognitive performance after 9-
years.
Methods: We included 58 MS patients from the SET study. sNfL levels were measured at screening, at 1 and 2
years. CSF-NfL were measured in 36 patients at screening. Cognitive performance was assessed by the Brief
International Cognitive Assessment for Multiple Sclerosis and the Paced Auditory Serial Addition Test-3 s at
baseline, at 1, 2 and 9 years. Association between neurofilament levels and cognition was analyzed using
Spearman´s correlation, logistic regression and mixed models.
Results: We did not observe associations among early sNfL levels and cross-sectional or longitudinal cognitive
measures, except of a trend for association between higher sNfL levels at screening and lower California Verbal
Learning Test-II (CVLT-II) scores at year 1 (rho=-0.31, unadjusted p = 0.028). Higher sNfL level was not
associated with increased risk of cognitive decline, except of a trend for greater risk of CVLT-II decrease in
patients with higher sNfL levels at 1 year (OR=15.8; 95% CI=1.7–147.0; unadjusted p= 0.015). Similar trends
were observed for CSF-NfL.
Conclusion: We found only weak association between sNfL levels at disease onset and evolution of cognitive
performance over long-term follow-up.

1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease of the
central nervous system characterized by a wide range of physical and
cognitive symptoms, which are known to be closely related to quality of
life and frequently lead to premature deterioration of employment
status (Benedict et al., 2017; Sumowski et al., 2018; Uher et al., 2018).

Neurofilament light chain (NfL) is a promising biomarker of disease
activity in MS (Comabella and Montalban, 2014; J. Kuhle et al., 2016).
Although number of studies showed predictive value of early cere-
brospinal fluid NfL (CSF-NfL) or serum NfL (sNfL) levels for

prognostication of future MRI or clinical disease activity (J. Kuhle et al.,
2016; Barro et al., 2018; Disanto et al., 2017), there are only few studies
investigating relationship between NfL levels and cognition, and the
reported findings are contradictory (Gaetani et al., 2019; Kalatha et al.,
2019; Quintana et al., 2018; Modvig et al., 2015; Chitnis et al., 2018;
Jakimovski et al., 2019).

For example, in a recent cross-sectional study of 28 patients, CSF-
NfL levels were significantly higher in cognitively impaired patients
(Gaetani et al., 2019). Another cross-sectional study of 39 patients
found an association between CSF-NfL levels and cognition only in
seven patients with progressive MS (Kalatha et al., 2019), while another
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cross-sectional small sample study performed on 51 patients showed a
moderately strong association already in the early stages of MS
(Quintana et al., 2018).

More negative results were obtained in a few longitudinal small
sample size studies where either only a weak correlation between sNfL
levels and cognitive performance over 5 years (Jakimovski et al., 2019),
a trend towards an association between CSF-NfL levels and cognition
over almost 14 years (Modvig et al., 2015) or no association between
sNfL levels and cognitive decline over 9 years was found (Chitnis et al.,
2018). In the context of the previous inconclusive research, the main
aim of this study was to investigate the predictive value of sNfL levels in
newly diagnosed MS patients for development of cognitive decline after
long-term follow-up. To the best of our knowledge, this is the first
longitudinal study which investigated homogenous sample of MS pa-
tients at disease onset, employed repeated cognitive testing from
baseline and included cognitive screening battery assessing more cog-
nitive domains. Early identification of patients at higher risk of cogni-
tive decline is clinically relevant, because it might help to identify pa-
tients profiting from more intensive cognitive monitoring or from early
initiation of high efficacy disease-modifying treatment (Comi et al.,
2017; Gudesblatt et al., 2018).

2. Methods

2.1. Study population

The SET (Study of Early Interferon beta-1a Treatment) study was an
investigator-initiated, observational, prospective multicenter clinical
study in the Czech Republic (Kalincik et al., 2012; Uher et al., 2014).
Patients were enrolled between October 2005 and July 2009. Inclusion
criteria included: age between 18 and 55 years, enrollment within 4
months from the first demyelinating event, Expanded Disability Status
Scale (EDSS) score at baseline of 3.5 or less, at least two T2-hyper-
intense lesions on diagnostic MR images (before high dose corticos-
teroid treatment) and ≥2 oligoclonal bands (OCB) exclusively in the
CSF. SET study patients were originally diagnosed with clinically iso-
lated syndrome according to the McDonald 2005 criteria (Polman et al.,
2005). Patients’ diagnosis was reclassified to relapsing-remitting mul-
tiple sclerosis based on the 2017 McDonald criteria (Thompson et al.,
2018). Together, 43 (74%) of patients developed at least one relapse
over 9 years and had clinically confirmed MS. Screening visit was early
after disease onset prior to corticosteroid treatment (all patients were
treated with 3–5 g methylprednisolone). Baseline brain MRI was ac-
quired at least 30 days after steroid treatments and prior disease
modifying therapy (DMT) initiation. All patients started intramuscular
IFNb-1a once a week (30 mg; Biogen-Idec, Cambridge, MA, USA)
(Kalincik et al., 2012; Zivadinov et al., 2013; Uher et al., 2015). Patients
were monitored for 48 months with evaluation of EDSS at baseline
(DMT initiation) and then every 3 months. Clinical visits occurred every
3 months for 24 months and long-term follow-up in routine clinical
practice followed. Clinical assessments were performed using the EDSS.

Of the 220 SET study patients, 58 consecutive individuals under-
went cognitive assessment at all required timepoints (baseline, year 1,
year 9) and had available analysis of sNfL levels at 1 year.

The study was approved by the Medical Ethics Committees of the
General University in Prague and the First Faculty of Medicine, Charles
University in Prague and by local ethics committees in the participating
centers. Written informed consent was obtained from each patient.

2.2. CSF and blood sampling, and sNfL measurement

CSF-NfL and sNfL samples were collected at screening and stored at
−80 °C. Sampling procedures were performed according to the stan-
dard protocol (Teunissen et al., 2009).

CSF-NfL concentrations were measured by enzyme-linked im-
munosorbent assays (ELISA) using the NF-light (neurofilament light)

ELISA kit (UmanDiagnostics AB, Umea, Sweden) at the General Faculty
Hospital in Prague. This kit provided measuring range 100 – 10 000 pg/
mL with the limit of detection 32 pg/mL. The procedure was performed
according to the instructions from manufacturer. Recommended tem-
peratures, time of incubation and agitation was in agreement with the
instructions. All measurements were run on the Tecan Sunrise ELISA
reader with the Magellan software (Tecan Group Ltd., Switzerland). The
calibration curves from supplied bovine NfL standard was created in
Magellan software, the 4-parameter Marquardt transformation was set
according to the manufacturer´s instruction. The samples were ana-
lyzed in duplicate. Internal control sample was used, inter- and intra-
assay coefficient of variation did not exceed 10%. All CSF samples as-
sembled from screening visit were analyzed by accredited laboratory.
sNfL concentration was measured using a sensitive immunoassay on the
Simoa platform at the University Hospital Basel as described previously
(Barro et al., 2018; Disanto et al., 2017; J. Kuhle et al., 2016). Inter-
assay coefficients of variation (CV) for 3 native serum samples were
below 10% (i.e. 7.8%, 8.8% and 5.5% for 7.0., 18.8 and 81.3 pg/ml,
respectively). The mean intra-assay CV of duplicate determinations for
concentration was 6.4%. One patient´s samples showed an sNfL value
below 1.3 pg/ml (i.e. the lower limit of quantification). This patient was
excluded from the analysis. sNfL levels were assembled from screening
and at 1 and 2 years after DMT initiation as described previously
(Srpova et al., 2020). All patients had available serum samples at year
1. In addition, there were also available sNfL data at other timepoints:
at screening (n= 49), at baseline (n= 22), at 1 month (n= 57), and at
24 months (n = 53). Due to the limited number of sNfL samples from
the baseline, we analyzed only sNfL samples from screening, year 1, and
year 2.

Measurements of CSF-NfL and sNfL were performed on coded
samples. None of the laboratory personnel had access to clinical data
and remained blinded to treatment allocation and diagnosis.

Patients were divided into two groups based on the age-adjusted
pathological sNfL levels at screening and year 1, which were defined
using 90th percentile cut-off. Age-adjusted sNfL percentiles were de-
rived from a normative dataset of healthy controls (Disanto et al., 2017)
(Supplementary Table 1).

2.3. Neuropsychological assessment

Patients were tested using the Czech-validated version of the Brief
International Cognitive Assessment for Multiple Sclerosis (BICAMS)
(Benedict et al., 2012; Dusankova et al., 2012) and the Rao adaptation
of the Paced Auditory Serial Addition Test – 3 s (PASAT-3) (Rao, 1990).

The PASAT-3 assesses auditory information processing speed and
working memory (Rao, 1990). The BICAMS battery consists of the
Symbol Digit Modalities Test (SDMT) (Smith, 1982), California Verbal
Learning Test - second edition (CVLT-II) (Delis et al., 2000) and the
Brief Visuospatial Memory Test - Revised (BVMT-R) (Benedict, 1997).
The SDMT assesses cognitive processing speed and visual scanning
(Smith, 1982). The CVLT-II assess the verbal learning and memory
(Delis et al., 2000), and the BVMT-R evaluates visuospatial memory
(Benedict, 1997). For both the CVLT-II and the BVMT-R only the initial
learning trials were administered (Benedict et al., 2012;
Dusankova et al., 2012). For the assessment of depressive symptoms,
the Beck Depression Inventory-Second Edition (BDI-II) was used.

Cognitive assessment was administered during the clinical visits at
baseline, at 1 (mean [M] 1.01, 95% confidence interval [CI] 0.99–1.02)
year, at 2 (M 2.00, 95% CI 1.99–2.01) years and at 9 (M 8.87, 95% CI
8.72–9.02) years. All patients were relapse-free for at least 30 days
prior to testing. Raw scores of the cognitive tests were used in the
statistical models and presented results. The outcome of this study was
a worsening of cognitive performance over 9 years, which was defined
as a presence of decrease (categorical variable) of cognitive test raw
score between baseline and follow-up timepoint. In addition, to create
unified composite measure of cognitive performance, we have
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calculated the composite z-score from all cognitive tests and compared
the composite z-score at baseline and after 9 years.

2.4. MRI measures

MRI was performed with a standardized protocol on the same 1.5-T
scanner (Gyroscan; Philips Medical Systems, Best, the Netherlands).
Axial brain acquisitions included fluid attenuated inversion recovery,
three-dimensional (3D) T1-weighted images, and T1 spin-echo images
before and 5 min after a single injection of 0.1 mmol/kg of gado-
pentetate dimeglumine. Semi-automated image analysis of the T2 le-
sion volume (T2LV) and brain parenchymal fraction (BPF) was per-
formed with the ScanView software as previously described (Uher et al.,
2017).

2.5. Statistical analysis

All statistical analyses were carried out with IBM SPSS Statistics
software 22.0 (IBM Corp. Armonk, NY).

The demographic, clinical, neuropsychological, MRI and biochem-
ical characteristics of the patients were compared using the
Mann–Whitney rank-sum test and Chi-Square test. The associations
between sNfL levels at individual timepoints, MRI and cognitive mea-
sures were evaluated using the non-parametric Spearman correlation
test. We analysed association with an average sNfL levels within first 2
years (with or without screening levels). Patients were divided into two
groups using the 90th percentile cut-off (Disanto et al., 2017) of their
sNfL levels at screening and at year 1. Alternatively, patients were also
divided into two groups based on the presence of cognitive decline in
each cognitive test over 9 years of the study. Cognitive decline was
defined as a categorical variable of an absence or presence of decrease
in each neuropsychological test raw score between baseline and follow-
up timepoints, or defined as a decrease of cognitive composite z-score
over follow-up. Logistic and linear regression analysis was used to test
the relationships between cognitive decline or performance and pa-
thological sNfL levels defined using the 90th percentile cut-off. Logistic
and linear regression was also used to investigate relationship between
early MRI and cognitive outcomes after 9 years. All regression models
were adjusted for age, sex, cognitive performance at baseline or at year
1, and treatment over follow-up, as classified in two categories: 1) low
efficacy DMTs (glatiramer-acetate, dimethyl fumarate, interferons and
teriflunomide), 2) high or moderately high efficacy DMTs (fingolimod,
natalizumab and rituximab). Because of multicollinearity between age
and disease duration, our models were only adjusted for age. In linear
regression, log-transformed values of average sNfL values within first 2
years of follow-up (with or without screening levels) were used as
continuous independent variable.

Finally, we performed adjusted linear mixed model analysis to
consider all available cognitive measures over follow-up in one model.
In mixed models log-transformed values of sNfL were used as in-
dependent continuous variable. The equation of the mixed model was
used as follows:

Change in cognitive performance in each timepoint ~ log-transformed
sNfL level in certain timepoint + Sex + Age + Education + DMT category
at certain timepoint + Time from baseline + (1|Subject), where (1|Subject)
is a random intercept for each subject

The Benjamini-Hochberg (BH) procedure with q= 0.05 was used to
control false discovery rate. Relationships that lost significance after BH
procedure are described as trends.

3. Results

3.1. Baseline and follow-up demographic, clinical, MRI and sNfL
concentration characteristics

Table 1 shows demographic, clinical, neuropsychological and

biochemical characteristics of the patients (n = 58) at each timepoint,
separated by the age-related pathological sNfL levels at year 1 using
90th percentile cut-off. T2LV (1.4 ± 2.3 ml vs. 1.9 ± 3.1 ml;
p = 0.23) and BPF (86.8 ± 1.5 vs. 86.9 ± 1.7; p = 0.92) in 58 SET
study patients included in the study did not differ from MRI measures of
the 162 SET study patients who were not included in this study.

Except of an association between high sNfL levels at screening and
higher T2LV (p = 0.016) at baseline, we did not find any associations
between baseline MRI measures and sNfL levels during the first 2 years
of follow-up. sNfL concentration levels at individual timepoints are
shown in Supplementary Table 2.

At screening (n = 49), 28 (57%) patients had sNfL level above the
90th percentile. The prevalence of cognitive decline over 9 years was
not greater in patients with higher sNfL levels (M: 46.31±32.22 pg/
ml) at screening compared with those with lower sNfL levels (M:
10.65±4.36 pg/ml). At year 1 (n = 58), 24 (41%) patients had sNfL
level above the 90th percentile. The mean sNfL concentration in a
group above the 90th percentile was 28.35± 12.74 pg/ml and
10.20±4.53 pg/ml in those with lower sNfL levels at year 1.There
were no differences in clinical and demographical measures between
patients with high or low sNfL levels at 1 year, except of higher age in
patients with low sNfL levels (p = 0.013). A decline in raw scores of
cognitive subtests between year 1 and year 9 was present in 16 (28%)
patients in the SDMT, 12 (21%) patients in the CVLT-II, 12 (21%) pa-
tients in the BVMT-R, and 27 (47%) of patients in the PASAT-3 (Fig. 1).
High sNfL levels at 1 year were not associated with more frequent oc-
currence of cognitive decline over follow-up, except of sNfL levels at
year 1 and decline in the CVLT-II over follow-up (p = 0.008) (Table 2).

At 9 year follow-up, the median EDSS was 2 and the following
percentage of patients reached ≥2 points in individual functional sys-
tems scores of EDSS: 43% in pyramidal, 10% in cerebellar, 7% in
brainstem, 36% in sensory, 3% in bowel and bladder, 3% in visual and
2% in mental functional system.

3.2. The correlation between neuropsychological performance and sNfL
levels

We did not observe associations among early sNfL levels (at
screening or at year 1) and cross-sectional or longitudinal cognitive
measures (at year 1, 2 a 9), except of an association between higher
sNfL levels at screening (n = 49) and lower CVLT-II scores at year 1
(rho=−0.31, p = 0.028; q = 0.112). We did not observe association
between average sNfL levels within first 2 years of follow-up (with or
without screening levels) and cross-sectional or longitudinal cognitive
measures (at year 1, 2 a 9).

3.3. Risk of cognitive decline over 9 years according to early sNfL levels

sNfL levels above 90th percentile at year 1 were associated with a
greater risk of CVLT-II decrease over 9 years compared with patients
with lower sNfL levels [odds ratio (OR) 15.8; 95% CI 1.7–147.0;
p = 0.015; q = 0.060 after BH procedure). We did not observe other
relationships between sNfL levels at year 1 and higher risk of cognitive
decline in other neuropsychological tests over 9 years (Table 3). Also,
we did not find an association between higher sNfL levels at year 1 and
higher risk of the overall memory decline (decrease in CVLT-II or
BVMT-R), information processing speed decline (decrease in SDMT or
PASAT-3) or abnormal BICAMS battery outcome (decrease in at least
one subtest)(Supplementary Table 3).

There was also a tendency towards an association between high
sNfL level at 2 years and PASAT-3 decline at year 9 (OR= 3.9; 95% CI:
0.8–19.0; p = 0.091; q = 0.198). We did not observe any other asso-
ciations between sNfL levels at 2 years and cognitive measures.

We did not observe relationships among average sNfL levels within
first 2 years and higher risk of decline in each individual neu-
ropsychological test over 9 years. There was also no association in
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linear regression models using sNfL levels as a continuous variable.
Higher sNfL levels were not associated with increased risk of cog-

nitive decline, defined as a composite measure (an average z-score of all
cognitive tests).

In mixed model analysis, we found only a trend for association
between sNfL level at 12 months and evolution of BVMT-R scores over
follow-up (p = 0.04).

3.4. The association between neuropsychological performance and csf-nfl
levels

The mean concentration of CSF-NfL in 36 patients with available
CSF samples was 1501,81± 1102.73 pg/ml. We observed a weak ne-
gative association between CVLT-II at year 1 and CSF-NfL levels at
screening (rho=−0.34; p= 0.042; q= 0.120). There was only a trend
for association among higher CSF-NfL levels at screening and lower
SDMT scores at baseline and year 1 (rho=−0.30 to −0.32;
p = 0.060–0.074; q = 0.132–0,148). We did not observe any re-
lationship between CSF-NfL levels at screening and higher risk of cog-
nitive decline over 9 years.

3.5. The association between neuropsychological performance and mri
measures

T2LV at baseline, at year 1 and 2 (n = 58), was not associated with
any cognitive tests at year 9 (Supplementary Table 4). We did not ob-
serve a relationship between early T2LV and higher risk of cognitive
decline over 9 years.

BPF at baseline, at year 1 and 2 (n = 58), was not associated with
any cognitive tests at year 9. There was only a cross-sectional associa-
tion between BPF and BVMT-R at baseline (rho=0.25; p = 0.044). We
also observed a tendency towards an association between lower BPF at
baseline and BVMT-R decline at year 9 (OR 2.03; 95% 0.9–4.6;
p= 0.089). No other associations between early MRI measures and risk
of cognitive decline over 9 years were found.

4. Discussion

In this study, we investigated the predictive value of sNfL levels at
disease onset for identification of MS patients with cognitive decline
over 9-years follow-up.

Our small sample size longitudinal study found only a trend for
weak association between sNfL levels at 1 year and verbal memory
decline over 9 years. However, this association was not observed for

Table 1
Demographic, clinical, neuropsychological and serum neurofilament light chain concentration characteristics of the patients.

Characteristic Total sample (n = 58) sNfL level at year 1
sNfL level > 90th percentile (n = 24) sNfL level < 90th percentile (n = 34) p value

At baseline
Sex, female (%) 40 (68.97%) 16 (66.67%) 24 (70.59%) 0.751*
Education (years)‡ 13.00 (3.00) 13.00 (4.00) 13.50 (3.00) 0.598
Clinical
Age at disease onset (years) 27.78± 8.85 24.46± 7.34 30.12± 9.17 0.013
Time to baseline (days) 81.53± 19.32 83.42± 19.72 80.21± 19.22 0.487
EDSS‡ 1.50 (0.50) 1.50 (0.50) 1.50 (0.60) 0.650
Proportion of low efficacy DMTs (%) 58 (100%) 24 (100%) 34 (100%) *
At year 1
Age (years) 29.318± 8.80 26.07± 7.38 31.618± 9.11 0.015
Proportion of low efficacy DMTs (%) 58 (100%) 24 (100%) 34 (100%) *
Neuropsychological
SDMT 63.29± 8.63 64.21± 8.29 62.65± 8.92 0.687
CVLT-II TL 56.66± 7.80 57.00± 7.87 56.41± 7.85 0.647
BVMT-R TL 27.69± 4.95 27.38± 4.73 27.91± 5.17 0.516
PASAT-3 53.84± 8.57 54.96± 8.03 53.09± 8.96 0.594
BDI 5.49± 6.00 5.25± 6.28 5.64±5.92 0.985

sNfL level
sNfL (pg/ml) 17.72± 12.60 28.38± 12.73 10.20± 4.53

At 9 years
Age (years) 37.24± 8.70 34.07± 7.43 39.48± 8.93 0.016
EDSS‡ 2.00 (1.3) 1.5 (0.90) 2.5 (1.5) 0.020
Proportion of low efficacy DMTs (%)** 44 (75.86%) 18 (75.00%) 26 (76.47%) 0.568*
Neuropsychological
SDMT 64.79± 8.26 64.33± 8.60 65.12± 8.13 0.658
CVLT-II TL 62.38± 9.01 61.75± 9.77 62.82± 8.55 0.906
BVMT-R TL 30.69± 3.20 30.63± 3.12 30.74± 3.30 0.806
PASAT-3 53.95± 6.88 55.04± 6.55 53.21± 7.09 0.338
BDI 7.21± 8.18 8.20± 8.50 6.61±8.06 0.247
Absolute changes between year 1 and 9 years
Neuropsychological
SDMT 1.50± 5.13 0.13± 5.94 2.47±4.31 0.156
CVLT-II TL 5.72± 7.27 4.75± 8.17 6.41±6.61 0.434
BVMT-R TL 3.00± 4.65 3.25± 5.04 2.82±4.41 0.516
PASAT-3 0.11± 5.14 0.09± 5.31 0.12±5.10 0.250
BDI 1.72± 5.64 2.95± 3.98 0.97±6.38 0.160

Note. Unless otherwise indicated, mean± standard deviation (SD) are reported. ‡ median (inter-quartile range). Differences between the pathological sNfL levels
group and normal sNfL levels group were tested using the Chi-Square Test (categorical)* and Mann–Whitney rank-sum test (other).
sNfL: serum neurofilament light chain, EDSS: Expanded Disability Status Scale, SDMT: Symbol Digit Modalities Test, DMTs: disease modifying therapies, CVLT-II:
California Verbal Learning Test - Second Edition, TL: total learning, BVMT-R: Brief Visuospatial Memory Test-Revised, TL: total learning, PASAT-3: Paced Auditory
Serial Addition Test- 3 s, BDI: Beck Depression Inventory.
⁎⁎ Proportion of low efficacy DMTs (glatiramer-acetate, dimethyl fumarate, interferons and teriflunomide) to high or moderately high efficacy DMTs (fingolimod,
natalizumab and rituximab).
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sNfL levels measured at screening or at 2 years, for average sNfL levels
during the first 2 years, neither in longitudinal mixed model analysis.

Taken together, our findings are consistent with a previous sNfL
longitudinal study which unexpectedly also did not show a clear asso-
ciation between sNfL levels and cognitive decline over time
(Chitnis et al., 2018). In our study, all patients had CSF restricted oligo-
clonal bands. This might select patients with slightly increased disease
activity (Arrambide et al., 2018). On the other hand, an average sNfL
level at disease onset in our cohort was lower (19.1 pg/ml) compared
with some recent studies in CIS patients (the median sNfL level = 22.0 -
28.39 pg/ml) (Dalla Costa et al., 2019; Siller et al., 2018). To the best of
our knowledge, there is only one study conducted on 20 CIS patients at
disease onset with available sNfL and long-term cognitive data
(Jakimovski et al., 2019). Compared with this study, an average sNfL
levels were comparable (median 19.9 vs. 19.1 pg/ml) and similarly no
associations between cognitive performance over 5 years and sNfL were
observed in this study (Jakimovski et al., 2019). Disability scores at
baseline, as assessed by EDSS were also comparable between both
studies (1.5 vs 1.5 points). We hypothesize that in future studies

Fig. 1. Box plots corresponding to sNfL levels
at year 1 (pg/ml) stratified by absolute decline
in cognitive tests over the 9 years (Captions:
PASAT-3: Paced Auditory Serial Addition Test-
3 s; SDMT: Symbol Digit Modalities Test;
CVLT-II: California Verbal Learning Test -
second edition; BVMT-R: Brief Visuospatial
Memory Test – Revised; sNfL: serum neurofi-
lament light chain).

Table 2
The overall prevalence of cognitive decline over 9 years in association with increased serum neurofilament light chain levels (>90th percentile) at screening (A) and
1 year (B).

A) sNfL level > 90th percentile at screening (n = 28) sNfL level < 90th percentile at screening (n = 21) p value q value1

Cognitive decline No cognitive decline Cognitive decline No cognitive decline

SDMT 3 (11%) 25 (89%) 2 (10%) 19 (90%) 0.892 0.892
CVLT-II TL 10 (36%) 18 (64%) 9 (43%) 12 (57%) 0.612 0.828
BVMT-R TL 7 (25%) 21 (75%) 4 (19%) 17 (81%) 0.621 0.828
PASAT-3* 3 (11%) 25 (89%) 6 (30%) 14 (70%) 0.091 0.364
B) sNfL level > 90th percentile at year 1 (n = 24) sNfL level < 90th percentile at year 1 (n = 34)

Cognitive decline No cognitive decline Cognitive decline No cognitive decline
SDMT 8 (33%) 16 (67%) 8 (24%) 26 (76%) 0.411 0.548
CVLT-II TL 9 (37%) 15 (63%) 3 (9%) 31 (91%) 0.008 0.032
BVMT-R TL 5 (21%) 19 (79%) 7 (21%) 27 (79%) 0.982 0.982
PASAT-3* 9 (39%) 14 (61%) 18 (53%) 16 (47%) 0.306 0.548

Note: absolute numbers and percentages (%) are reported. sNfL: serum neurofilament light chain, SDMT: Symbol Digit Modalities Test, CVLT-II: California Verbal
Learning Test – Second Edition, BVMT-R: Brief Visuospatial Memory Test-Revised, TL: total learning, PASAT-3: Paced Auditory Serial Addition Test- 3 s.

1 adjusted p value after The Benjamini-Hochberg procedure with q = 0.05 was used to control false discovery rate.
⁎ missing data for one patient in PASAT-3.

Table 3
Risk of absolute decline in cognitive tests raw scores between year 1 and year 9
in association with increased serum neurofilament light chain levels (>90th
percentile) at year 1.

Neuropsychological Test OR (95% CI) p value q value1

SDMT 1.88 (0.49–7.21) 0.360 0.480
CVLT-II TL 15.80 (1.70–147.01) 0.015 0.060
BVMT-R TL 1.46 (0.27–8.01) 0.661 0.661
PASAT-3 0.40 (0.11–1.43) 0.158 0.316

Note: OR: Odds Ratio, 95% CI: 95% Confidence Interval, SDMT: Symbol Digit
Modalities Test, CVLT-II: California Verbal Learning Test – Second Edition,
BVMT-R: Brief Visuospatial Memory Test-Revised, TL: total learning, PASAT-3:
Paced Auditory Serial Addition Test- 3 s.
OR was estimated using logistic regression model adjusted for age, sex, treat-
ment over follow-up and cognitive performance at 1 year.

1 adjusted p value after The Benjamini-Hochberg procedure with q = 0.05
was used to control false discovery rate.
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including patients with higher disease activity or greater disease burden
could be expected stronger association between cognitive and other
paraclinical measures, such as sNfL.

The presence of high sNfL levels at early disease stages without
accompanying future cognitive decline may be explained by several
factors. Firstly, the cognitive-pathologic dissociation with an absence of
relationship between cognitive and paraclinical markers is well known
from the imagining studies (Uher et al., 2018; Sumowski and
Leavitt, 2013). This phenomenon is obvious especially in the early
stages of MS and may be attributed to brain and cognitive reserves
preventing measurable cognitive decline in most patients during the
early disease stages. Moreover, the study patients had very low levels of
disability even after 9 years of follow-up (median EDSS=2.0). We
suggest that, as in imaging studies (Uher et al., 2018), the association
between paraclinical markers such as sNfL and disease activity mea-
sures including cognitive outcomes might be substantially stronger in
more advanced disease stages. Moreover, an effect of disease-modifying
treatment might play a role in preventing of disease progression in
patients with high sNfL levels before treatment initiation. Dynamic
character of neurofilaments levels with only transient increase of neu-
rofilament levels following neuro-axonal injury may represent another
factor explaining our results (Lycke et al., 1998). Finally, our study had
a small sample size which together with a small proportion of patients
with evident cognitive deterioration over follow-up resulted in de-
creased statistical power to prove statistically significant associations
between sNfL and longitudinal cognitive measures. These arguments
are also supported by the absence of association between early MRI
measures and cognition after 9 years or early sNfL levels. Hence, future
studies investigating a predictive role of sNfL levels in early MS should
include larger sample size.

Our study has also some other limitations. The cognitive assessment
included only information processing speed and memory examination.
However, information processing speed and memory are known to be
the most commonly impaired cognitive domains in MS (Benedict et al.,
2012; Chiaravalloti and DeLuca, 2008), therefore implementation of
more comprehensive neuropsychological batteries, such as the Minimal
Assessment of Cognitive Function in MS (MACFIMS) would probably
lead to very similar results. Despite that, future studies would benefit
from more complex cognitive assessment.

In conclusion, although we found some trends for association be-
tween high sNfL levels at disease onset and cognitive decline over
subsequent long-term follow-up, our results do not provide convincing
support for this association. Whether associations between high sNfL
levels and verbal memory decline will be observed also in other studies
or represent rather random finding remains to be elucidated in future
research.
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