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Abstract

Neuronal injury is a universal event that occurs in disease processes that affect

both the central and peripheral nervous systems. A blood biomarker linked to

neuronal injury would provide a critical measure to understand and treat neu-

rologic diseases. Neurofilament light chain (NfL), a cytoskeletal protein

expressed only in neurons, has emerged as such a biomarker. With the ability

to quantify neuronal damage in blood, NfL is being applied to a wide range of

neurologic conditions to investigate and monitor disease including assessment

of treatment efficacy. Blood NfL is not specific for one disease and its release

can also be induced by physiological processes. Longitudinal studies in multiple

sclerosis, traumatic brain injury, and stroke show accumulation of NfL over

days followed by elevated levels over months. Therefore, it may be hard to

determine with a single measurement when the peak of NfL is reached and

when the levels are normalized. Nonetheless, measurement of blood NfL pro-

vides a new blood biomarker for neurologic diseases overcoming the invasive-

ness of CSF sampling that restricted NfL clinical application. In this review, we

examine the use of blood NfL as a biologic test for neurologic disease.

Introduction

The last few decades have seen important advances in the

field of neuroscience and this improved knowledge of

pathological mechanisms has led to the development of

new drugs for neurological disorders. Sophisticated imag-

ing techniques have allowed direct visualization of disease

processes in the brain. A critical biologic component of

neurologic disease is neuronal damage and a means to

measure and quantify it would provide a much needed

clinical and research tool. In this context, neurofilament

light chain (NfL), a cytoskeletal protein specific for neu-

rons has emerged as blood biomarker able to capture

neuronal damage in a wide variety of neurologic condi-

tions. NfL is released into the cerebrospinal fluid (CSF)

and blood following damage to both central1 and periph-

eral neurons.2–4 The exact mechanism by which NfL is

released from damaged neurons is not completely under-

stood though it most likely is a direct consequence of the

loss of cell membrane integrity.5 The possibility that the

increase in NfL in neurologic diseases is due to a com-

pensatory overproduction is not supported by gene

expression studies which revealed that NfL expression is

not increased in amyotrophic lateral sclerosis (ALS)6 and

Alzheimer disease (AD)7 patients. The clinical aspects of

neurofilaments were reviewed by Khalil, et al in 2018.1

Since then, over 200 papers have been published on the

subject of blood NfL. More recently the biology of NfL

was reviewed by Gafson et al.8

The first report of the use of NfL as biomarker of neu-

ronal damage was in 1989 when Karlsson, Rosengren, and

colleagues purified NfL and used polyclonal antibodies

that were used to detect NfL by immunoblot and ELISA

methods.5 The availability of monoclonal antibodies gen-

erated with the use of hybridoma technology enabled the

spread of NfL quantification in CSF.9 Nonetheless, the

invasiveness of CSF sampling restricted its clinical appli-

cation. Initially, the ability to measure NfL in the blood
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was hampered by the lack of a blocker for heterophilic

antibodies10 and detection levels did not have sufficient

sensitivity to quantification of NfL in blood.11 Improved

sensitivity was reached using a electrochemiluminescence

(ECL) platform which enabled quantification of NfL in

blood samples.12 The breakthrough that enabled wide-

spread measurement of NfL in blood was developed by

Blennow and Zetterberg who adapted single-molecule

array technology (SIMOA�, Quanterix, US).13 This tech-

nology leads to a higher sensitivity by the use of microw-

ells which were miniaturized a thousand-fold from the

6.4 mm in diameter in ELISA/ECL assays to 4.25 µm in

diameter in the SIMOA� assay.14 Furthermore, NfL is

then captured on paramagnetic microbeads and single

antibody–antigen complexes are dispersed to 216,000

microwells thus requiring a much smaller number NfL

molecules to emit a detectable signal than previous tech-

nologies.14 The SIMOA� technology has created a sensi-

tive and reproducible method to quantify NfL in the

blood of both patients and healthy controls.11 The repro-

ducible preanalytical and analytical performances of NfL

measurements has led to its use in the multiple centers

worldwide.

The validation of blood NfL as a biomarker of neu-

ronal damage took advantage of samples from a large

number of biorepositories and it was found across multi-

ple neurological disorders, that the neuronal damage

quantified by NfL reflected clinical and imaging measures

of disease.1 NfL levels were also found to have prognos-

tic value15–17 and were able to detect treatment effects.18

Importantly, blood NfL is not specific for one disease

and its levels can also be influenced by physiological

processes including body-mass-index, diabetes, and

hypertension. Longitudinal studies on multiple sclerosis

(MS), traumatic brain injury, and stroke show an

increase in NfL levels over days which remained elevated

over months.19–22 The kinetics of NfL was explored in

diseases with a known timepoint for the neuronal dam-

age, whereas in chronic diseases such as Alzheimer’s Dis-

ease (AD) and Parkinson’s Disease (PD) it remains

difficult to investigate acute changes over time. There-

fore, it may be difficult to determine with a single mea-

surement when the peak of NfL is reached and when the

levels are normalized. Because blood NfL levels are mea-

sured as a concentration, a change in the blood volume

can affect NfL levels. Other biomarkers such as neurofil-

ament heavy chain (NfH) are also being investigated23,24;

because of the standardized measurement method of NfL

and its growing recognition in various clinical research

centers worldwide we have focused this review on blood

NfL. Here we review the physiological and pathological

conditions that are most relevant for the clinical imple-

mentation of NfL (Fig. 1).

Preanalytical and Analytical
Variability of Blood NfL
Measurements

Preanalytical variability

refers to the variation that occurs between the time the

sample is collected and when the sample is analyzed.

Plasma or serum can be used for quantification of blood

NfL and NfL levels between them are highly corre-

lated25,26 thus we refer to blood NfL levels in this

review. Of note, EDTA plasma showed lower NfL con-

centrations than serum,27 though it remains unclear

whether this applies also to specimen collected by hep-

arin or citrate treatment. Thus, direct comparisons of

absolute values can only be done on the same source

fluid, that is, plasma or serum. Several studies investi-

gated the stability of NfL, both in serum and plasma, by

exposing aliquots of the same sample to multiple freeze-

thawing steps or prolonged exposure at room tempera-

ture.12,25,27–29 The consensus is that there is good stabil-

ity of the analyte following multiple freeze-thawing12,28–

30 as well as when left at room temperature.12,25,27–29

(Table 1) The preanalytical stability of a biomarker is a

basic property for assuring reduced inter-center variabil-

ity particularly when using different sampling proto-

cols.31 The stability of blood NfL at room temperature

allows the collection of samples by normal post ship-

ments,25 thus enabling the recruitment of study partici-

pants from diverse geographical locations.

Analytical variability

The majority of published studies on blood NfL use

assays based on two working protocols that primarily dif-

fer in the blocker used to control for nonspecific binding.

One assay has been used by University Hospital in Basel32

and the other is a commercial kit (NfL Advantage Kit�,

Quanterix, US) that has now become the primary kit used

by investigators studying blood NfL. Both protocols uti-

lize the SIMOA� platform. Because of the differences of

the blockers used in these assays, studies using the com-

mercial kit obtain half the levels of blood NfL compared

to the other assay. The reason could be a different efficacy

of casein compared to bovine serum albumin in serum/

plasma matrix or to the white color that casein gives to

the assay diluent, concept known in fluorescence- and

luminescence-based assays where white-colored plates are

used to enhance the signal. The performance of these two

assays primarily differ in the “spike recovery” in which

protein is added to the sample and the measured concen-

tration compared to the expected (“spiked”) concentra-

tion.31 Disanto and colleagues reported a spike recovery
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of 107% for their assay that used casein-based blocker,32

whereas the commercial kit that uses bovine serum albu-

min reported 68% (see Advantage Kit� data sheet). This

could explain the two-fold difference between the

two.32,33 In addition, on the SIMOA� platform, depend-

ing on how the samples are loaded, there may be a time

difference between the reading of the first and last sample.

It has been shown that a position-effect bias may occur in

which the order of how the samples are processed can

affect the NfL concentration.34 The adoption of NfL in

clinical care requires reproducible and stable measure-

ments. The performance of SIMOA� NfL kit is under

evaluation in a multicenter study.35 Preliminary results

showed an excellent performance in terms of intercenter

variability.35 The confirmation of these findings could

lead to the worldwide implementation of NfL measure-

ments in clinical chemistry laboratories. The biomarker

field is rapidly evolving and other technologies like the

proximity extension assay based on the Olink platform

hold promise as they enable the parallel determination of

several other biomarkers.36 Established and new platforms

will need to provide identical NfL levels to ensure a role

for NfL in clinical practice.

Physiological Factors Influencing
Blood NfL Concentration

In addition to neuronal damage secondary to nervous sys-

tem damage, other factors may affect blood NfL levels

(Table 2). These need to be taken into account when

measuring blood NfL and when choosing control popula-

tions for studies.

CSF versus blood quantification of NfL

NfL has been identified in both the CSF and blood.12

Because there are much higher levels of NfL in the CSF

versus blood, initial studies which-correlated NfL levels

with neurologic diseases focused on the CSF.5 The degree

to which permeability of blood–brain barrier (BBB) and

Figure 1. Physiological and pathological factors increasing or decreasing the blood levels of NfL. NfL is released as a consequence of neuronal

damage. A rise in NfL (red arrows) is not specific for a specific disease factor and may be caused by both neurodegenerative diseases or a head

impact during sports. Cardiovascular risk factors and aging may cause subclinical damage due to silent ischemic events. NfL is not specific for the

central nervous system and occurs with injury to the peripheral nervous system. BBB permeability may influence blood NfL levels (light red arrow).

Some factors may contribute to a decrease in NfL (blue arrows) including an increase in blood volume associated with BMI. Pregnancy is

associated with a physiological increase in NfL. Treatment that decreases neuronal damage results in lower blood NfL levels. BBB, blood–brain

barrier; BMI, body-mass-index; CNS, central nervous system; PNS, peripheral nervous system.
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blood–CSF barrier (BCB) influences the levels of blood

NfL is not clear. Acute inflammatory processes of the

CNS such as that which occurs in multiple sclerosis can

cause acute disruption of the BBB which can be envi-

sioned by gadolinium-enhancing areas on the MRI.37

Nonetheless, it is not clear the degree to which increased

blood NfL in MS is related to BBB disruption or to CNS

damage as increased NfL is observed in the CSF which is

independent of BBB breakdown. Explorative works used

the ratio between CSF and serum albumin as an estima-

tion of the BBB permeability although this ratio is a mar-

ker of blood CSF barrier (BCB) and should be interpreted

as such.38,39 Patients with the highest CSF/serum albumin

ratio also had the highest CSF and blood NfL levels,40,41

suggesting that an altered permeability of the BCB con-

tributes to serum NfL, though this relationship was not

observed in all studies.40–43 Of note, there is increased

disruption of the BBB with aging which may contribute

to the increased levels of blood NfL with age-related neu-

rodegenerative diseases.37

Investigation of the correlation between the NfL levels

in CSF and blood was used to establish that blood NfL

measurements accurately reflected what was happening in

CNS (Table 3). Factors that affect blood NfL levels inde-

pendent of the CSF such as BMI (discussed below) or

peripheral neuropathies weaken the correlation. For

example, in MS a 10% increase in CSF NfL corresponded

to an increase of 5.9% in the blood32 and the ability to

predict and detect disease activity was stronger for CSF

than blood NfL levels.44 The CSF/blood NfL correlations

show variability among healthy controls (range 0.35–
0.77), underscoring the importance of obtaining compre-

hensive health data apart from neurologic diseases. More-

over, conditions with the lowest NfL levels are associated

with a weaker correlation between the CSF and blood

compartments; for example, Parkinson Disease (PD)45,46

and healthy controls15,27,44,46,47 present on average a mod-

erate correlation of 0.52 with an average blood NfL of

11 pg/mL compared to ALS patients47,48 which show a

strong correlation of 0.79 with an average blood NfL of

135 pg/mL (Table 3).

Demographical characteristics

Age. Studies report an increase in NfL levels with increasing

age both in patients and healthy individuals. The yearly

increase in NfL was most pronounced in subjects above

60.49 Furthermore, the variability of NfL levels among older

individuals was higher than in younger groups.49 The vari-

ability at older ages is important to consider when compar-

ing NfL levels of elderly patients with age-matched healthy

controls. Considering the higher prevalence of comorbidi-

ties in the elderly population,50 the increase in blood NfL

levels with age may be driven by the emergence of co-mor-

bidities with age rather than by the aging process alone.

The influence of comorbidities on blood NfL levels has not

been broadly studied and is often not routinely collected

even in observational studies.51

Table 1. Factors influencing preanalytical and analytical variability of blood NfL.

Factor Type of test Platform

Number of

samples Influence on NfL levels References

Freeze-thaw

cycles

5 freeze-thaw cycles ECL 4 - [12]

4 freeze-thaw cycles 3 - [28]

4 freeze-thaw cycles SIMOA� HD-1 12 - [30]

3 freeze-thaw cycles 6 - [27]

1,2,3 freeze-thaw cycles 5 Increase, P < 0.05 [29]

Exposure to room

temperature

1 to 8 days at 4°C ECL 4 - [12]

1 to 8 days at RT 4 - [12]

8 days at RT 3 - [28]

1 to 7 days at RT SIMOA� HD-1 241 - [25]

5 days at 4°C 5 Increase, P < 0.05 [29]

5 days at RT 5 Increase, P < 0.05 [29]

3 or 5 days at RT 12 - [27]

Position-in plate Sample processing order SIMOA� HD-1 24 Later processed samples present higher NfL levels [34]

Serum vs. plasma

levels

Correlation SIMOA� HD-1 16

129

r: 0.684, P = 0.009

r: 0.96, P < 0.0001

[25]

[26]

Comparison absolute values 129 23.1% lower in plasma [26]

52 12.0% lower in EDTA plasma [27]

-, no influence; ECL, electrochemiluminescence; SIMOA� HD-1, single-molecule array analyzer HD-1 (Quanterix, Bellerica, US); RT, room tempera-

ture.
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Sex. Blood NfL does not appear to be influenced by sex

either in healthy individuals49 or those with neurologic

disease apart from ALS in which blood NfL levels were

reported to be higher in female versus male ALS

patients.47,52 This can be explained by the higher severity

of the disease in female versus male patients, with a

higher prevalence of the bulbar ALS form (38% in female

vs. 27% in male) and shorter survival in female patients

(13.6 months in females vs. 14.8 months in male)

reported on a large study of >1000 ALS patients.53 Of

note, a recent meta-analysis reported that CSF NfL was

26% higher in healthy males compared to females,54 thus

suggesting that CSF measurement could be more sensitive

to NfL changes than blood measurements.

Race/ethnicity. Although not extensively investigated

one study reported higher NfL in non-Caucasian sub-

jects.55

Cardiovascular risk factors

Dietary habits, smoking, and blood pressure are impor-

tant factors associated with the risk of cerebrovascular

disease which is more prevalent in older populations50

who are also at increased risk for Alzheimer’s and

Table 2. Factors influencing blood NfL levels in health and disease.

Type of factor Factor Diagnosis Association with NfL/ increase per unit Reference

Demographic Age (y) HC r: 0.7, P < 0.0001

+0.8 - 3.7% (range)

By age category: 40-50y: 0.9%; 50-60y:

2.7%; >60y: 4.7%

[46,49]

[16,27,32,69,118]

[49]

MS +1.5 - 1.8% (range) [16,32]

AD r: 0.65, P < 0.001 [29,90]

ALS r: 0.32, P: 0.065 [101]

FTD r: 0.770, P < 0.0001

r: 0.327, P: 0.002

[132]

[131]

PD r: 0.25, P < 0.001

r: 0.78, P < 0.0001

[92]

[46]

AN P < 0.0001 [59]

Stroke +7.6% [118]

Sex ALS Higher in females, P < 0.0001 [47,52]

Race/ethnicity HC (DM2) Higher in non-Caucasian patients, P < 0.01 [55]

Cardiovascular

risk factors

and scores

Diabetes mellitus type 2 AF +62.5% in patients with diabetes, P < 0.05 [56]

HbA1C HC (DM2) Increased by higher Hb1AC, P < 0.01 [55]

BMI HC Decreased with higher BMI, P < 0.01 [58,59]

AN Decreased with higher BMI, P: 6.9x10-12 [59]

Systolic blood pressure HC (DM2)

AD

Increased with higher blood pressure, P < 0.01

Increased in hypertensive patients

[55]

[93]

CHA2DS2VASc AF +22.3% per score point [56]

Smoke MS +20% in smokers [136]

Sport related

traumatic

brain injury

Hockey HC Increased 1h after head trauma and further

increasing over the next days

[20,126]

Football Increased during sport season, P < 0.001 [123]

Soccer +26% 1h after head trauma; +311% 22 days later [125]

Box Increased after bout and in recovery phase, P < 0.0001 [20]

Physiological Pregnancy HC Increased postpregnancy, P < 0.0001

Increased during pregnancy, P < 0.001

[137]

[61]

MS Decreased during pregnancy, P < 0.001 [62]

Blood–CSF barrier Mixed

patients’

group

Higher with higher Qalb/CSF flow but not correlated [40]

MS Not correlated [42]

Increased blood NfL with higher Qalb permeability, P < 0.001 [41]

SMA Not correlated [43,138]

GFR < 60ml/min per 1.73 m2 HC (DM2) Increased in patients with low GFR, P < 0.01 [55]

AD: Alzheimer disease; AF: atrial fibrillation; BBB: blood–brain barrier; CIS: clinically isolated syndrome; DM2: diabetes mellitus type 2; GFR:

glomerular filtration rate; HbA1C: glycated hemoglobin; HC: healthy controls; MS: multiple sclerosis; qAlb: albumin quotient; SMA: spinal muscu-

lar atrophy; y: years
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Parkinson’s disease. Individual risk factors55 as well as

combined factors (CHA2DS2-VASc)56 were associated

with increased levels of blood NfL. Thus, increased levels

of blood NfL in older subjects could in part be due to

subclinical CNS ischemic damage and a clue to underly-

ing hypoperfusion of neuronal tissue due to cardiovascu-

lar disease.21 In addition, hypoperfusion that occurs in

diabetic neuropathy and that affects peripheral nerves

could be associated with increased blood NfL as was

shown for NfH.57 Blood NfL levels could thus be consid-

ered as a marker of peripheral neuropathy and cere-

brovascular disease.

Body mass index (BMI)

Body fluid biomarkers are measured as the concentration

that is a ratio between the quantity of analyte and the

volume of diluent. Some studies reported that decreased

blood NfL levels were associated with increased BMI, and

therefore blood volume, in healthy adults.58,59 Interest-

ingly, it was shown that even if the blood volume was

inversely correlated with the concentration of NfL in

blood, it did not correlate with CSF NfL levels.58 Thus,

variations in blood volume/BMI were not reflected by a

proportional change in CSF volume. Thus, two

individuals with the same CSF NfL but different BMIs

will have different concentrations of NfL in the blood.

During pregnancy, there is an increase in blood volume

(approximately 45%) though this may vary between indi-

viduals.60 Paradoxically, in both women at risk that did

not develop preeclampsia61 and in healthy pregnant

women62 blood NfL levels progressively increased during

pregnancy until delivery, perhaps due to the developing

brain of the fetus. It may be appropriate to consider BMI

and pregnancy as a confounder when measuring NfL.

Blood NfL in Neurological Diseases

Multiple sclerosis

MS is a chronic, inflammatory, and neurodegenerative

disease of the CNS.63 The approval of a large number of

treatments for MS and the heterogenous clinical presenta-

tion raise the question of which drug is best used in

which patient and for how long of a period of time

(Table 4).

In initial studies of blood NfL using ECL technology

showed an association between serum NfL and brain

atrophy over 2 years and number of MRI lesions,64

though it had a poor prognostic value for patients with

Table 3. Correlation between CSF and blood NfL levels.

Diagnosis Correlation strength

Blood NfL levels

(pg/mL, range/IQR/�SD) Fluid Platform

CSF NfL levels (pg/mL,

range/IQR/�SD) Platform Ref.

HC r: 0.350, P: 0.014

r: 0.574, P: 0.008

r: 0.59, P: 0.004

r: 0.772, P < 0.0001

r: 0.39, P: 0.029

-

22.0, (12.0 - 36.5)

11, (8 - 14)

-, (2.8 - 53.8)

11.5 (� 6.5)

Serum

Serum

Serum

Serum

Serum

Simoa HD-1*

ECL

Simoa HD-1

Simoa HD-1

Simoa HD-1

-

466.5, (338.7 - 651.7)

212, (151 - 289)

-

1.265 (�551)

Simoa HD-1*

ECL

ELISA

Simoa HD-1

NA

[15]

[47]

[44]

[27]

[46]

AD r: 0.612, P < 0.0001

r: 0.580, P < 0.001

r: 0.568, P < 0.001

r:0.666, P = 0.003

-

-, (31.0-44.1)

46.8, (32.7-70.7)

38.1, -

Serum

Plasma

Plasma

Serum

Simoa HD-1

Simoa HD-1

Simoa HD-1

Simoa HD-1

-

-, 1070-2778

608.3 (429.1, 817.7)

1595, -

Simoa HD-1

ELISA

ELISA

ELISA

[15]

[88]

[93]

[134]

ALS r: 0.781, P < 0.001

r: 0.79, P < 0.0001

90, (54.5 - 151.0)

179, -

Serum

Serum

ECL

ECL

7304, (4376 - 11736)

-

ECL

ELISA

[47]

[48]

FTD r: 0.706, P < 0.0001 56.9, - Serum Simoa HD-1 2948, - ELISA [134]

HAD r: 0.89, P < 0.0001 114 (46.0 - 235) Plasma Simoa HD-1 16185 (1513 - 43010) ELISA [13]

HD r:0.868, P < 0.0001 31.7 (24.9 - 50.6) Plasma Simoa HD-1 1871, (1312 - 2461) ELISA [139]

MS r: 0.77, P < 0.001

r: 0.79, P < 0.0001

r: 0.72, P < 0.0001

r: 0.63, P < 0.001

35.9, (22.1 - 61.7)

16.4 (�14.4)

25.0 (�43.9)

17, (12 - 22)

Serum

Plasma

Serum

Serum

Simoa HD-1*

Simoa HD-1

Simoa HD-1

Simoa HD-1

1521, (814 - 2888)

2368 (�1947)

2368 (�1947)

895, (300 - 2060)

Simoa HD-1*

Simoa HD-1

Simoa HD-1

ELISA

[32]

[26]

[26]

[44]

PD r: 0.589, P < 0.001

r: 0.34, P:0.012

9, (4 - 19)**

10.4, (�4.9)

Plasma

Serum

Simoa HD-1

Simoa HD-1

896, -

1.249, (�666)

ELISA

NA

[45]

[46]

TBI - Boxers r: 0.86, P: 0.0003 30, (20-70)** Serum Simoa HD-1 845, - ELISA 20

AD: Alzheimer’s Disease; ALS: amyotrophic lateral sclerosis; FTD: frontotemporal dementia; HAD: HIV-associated dementia; HD: Huntington dis-

ease; IQR: Interquartile range; MS: multiple sclerosis; -: not available; PD: Parkinson’s disease; TBI: traumatic brain injury.

*Basel protocol, the concentrations in blood are ~ 2 fold higher compared to the commercial Simoa NfL kit.

**Concentrations derived from Figure.
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clinically isolated syndrome later converting to MS.65

These studies on a small group of patients were limited

by the sensitivity of the assay.11 The high sensitivity of

the SIMOA� technology provided the reliable quantifica-

tion of blood NfL in MS.11 On the group level, blood

NfL in MS was higher than in healthy controls32,44,62,66

with progressive MS having higher levels of blood NfL

than relapsing MS.16,32 The increased levels of blood NfL

in progressive versus relapsing MS was unexpected and

contrasted with lower levels of NfL in the CSF in progres-

sive versus relapsing MS.67 This remains unexplained but

could be related to a breakdown of the BBB in progres-

sive MS linked to aging and/or a contribution from the

peripheral nervous system. Ascherio’s group reported that

in a military cohort, blood NfL was able to identify neu-

ronal damage 6 years prior to the clinical disease onset,68

thus neurodegeneration was already present at the pro-

dromal stage of MS. A number of studies have found that

disease activity as measured by clinical or MRI assessment

is associated with an increase in blood NfL levels in both

adult16,32,66,69–73 and pediatric patients.74,75 Of note, the

association of blood NfL with disability was less in

Table 4. Blood NfL in neurological diseases.

Disease Role as biomarker Current evidence associated with NfL Ref

Multiple sclerosis Susceptibility risk Increased 6 years prior to symptom onset [68]

Diagnostic NA –

Disease monitoring Association with clinical and MRI measures of disease

activity

[16,18,32,44,64,69,71,72,76,78]

Treatment response Decreased by effective treatment [18,26,79,80]

Prognostic Associated with conversion from CIS to MS, future EDSS,

annualized relapse rate, brain, and spinal cord atrophy

[16,18,32,44,65,69,70,73,78]

Alzheimer’s disease Susceptibility risk Increased NfL levels and annual rate of NfL change years

prior to symptoms onset

[15,94–96]

Diagnostic NA –

Disease monitoring Associated with cortical thinning and cognitive decline [15,29,88–90,92,94]

Treatment response NA –

Prognostic Associated with magnitude of future cortical thinning and

cognitive changes

[15,89,93]

Amyotrophic lateral sclerosis Susceptibility risk Increased months before symptom onset [101]

Diagnostic Higher in ALS compared to ALS-mimics [48,99,103]

Disease monitoring Negative – levels remain stable over disease progression [47,48,101]

Treatment response NA –

Prognostic Higher levels associated with shorter survival [47,48,52,100,103]

Parkinson’s disease Susceptibility risk NA –

Diagnostic Discriminate PD from atypical parkinsonian disorders [45,46]

Disease monitoring Increased with higher cognitive and motor decline and

cortical atrophy

[45,92,114,115]

Treatment response NA –

Prognostic NA

Stroke Susceptibility risk Increased in individuals at higher risk of developing stroke [17,55]

Diagnostic NA –

Disease monitoring Associated with clinical/MRI measures of stroke severity

Increased with subclinical ischemic events

[17,21,22,117–121]

[21]

Treatment response NA –

Prognostic Associated with future disability and survival [17,22,118,121]

Traumatic brain injury Susceptibility risk NA –

Diagnostic NA –

Disease monitoring Associated with degree of neuronal damage [20,123,125,126,128]

Treatment response NA –

Prognostic Associated with future disability outcomes [128]

Frontotemporal dementia Susceptibility risk Increased in presymptomatic stage [132]

Diagnostic Discriminate bvFTD from primary psychiatric disorders [130,131]

Disease monitoring Associated clinical and/or brain atrophy assessments [131,132,134,135]

Treatment response NA –

Prognostic Associated with worse disease course [133]

NfL, serum neurofilament light chain; bvFTD, behavioral frontotemporal dementia; NA, not explored/not applicable.
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progressive MS, which may be related to the older age of

this population that also have comorbidities.32 Elevated

levels of blood NfL following a relapse were detectable for

as long as 60 days later.18,19,32 Prolonged elevation of

blood NfL after neurologic damage was also observed in

traumatic brain injury and stroke (discussed below). This

prolonged elevation may be related to slow degradation

in the blood or continued release from the brain into the

blood.

A decrease in blood NfL levels has also been observed

with several disease-modifying treatments25,32,42,76 and

blood NfL may be able to segregate treatments by their

potency.33 Observational studies suggested a prognostic

value of NfL in being able to predict brain and spinal

cord atrophy over 2, 5, and 10 years.16,69,70 The known

reduction in disease activity during pregnancy77 was

reflected by similar blood NfL levels among pregnant

healthy women and MS patients.62 It is not known

whether this was related to the physiological increase in

blood volume that occurs during pregnancy.60

With a better understanding of the role of NfL and the

development of sensitive and reproducible assays, a fertile

ground has developed for the use of blood NfL in clinical

studies. In the FREEDOMS trial, there was a decrease in

blood NfL with fingolimod treatment versus placebo and

a decrease in blood NfL with fingolimod versus interferon

in the TRANSFORMS study.18 Furthermore, blood NfL

levels discriminated against the active from the control

arm after only 6 months of treatment.18,26 It was shown

in clinical trials that there was an association between

NfL, MRI, and clinical disease activity.18,78 In the ASCLE-

PIOS trials of Ofatumumab versus teriflunomide, the pro-

nounced effect of treatment on both MRI and disease

activity was accompanied by a marked decrease in blood

NfL levels.79 In the EXPAND study of siponimod in pro-

gressive MS, there was a decrease in blood NfL and was

more pronounced in those who had relapses.80 Overall,

high-frequency determinations of blood NfL can be a

cost-effective tool to detect clinical and subclinical disease

activity earlier than a routine 6-/12-monthly visit. Nota-

bly, high NfL can have other causes than MS and low

NfL could be a more precise tool to exclude disease activ-

ity.81 Thus, low NfL in clinically stable patients could

indicate that costly assessments such as MRI are not

needed at that time point. Of note, neuronal damage sec-

ondary to comorbidities can be an important confounder

in the older population of progressive MS patients. In

fact, the levels detected in the healthy population older

than 60 years of age ranged from 7.0 pg/mL to 106.6 pg/

mL49 making the use of reference ranges in the elderly

MS patients potentially misleading. Therefore, the NfL

level may be compared with a previous NfL level from

the same patient rather than with an age-matched healthy

control population. In clinical trials, the use of blood NfL

as a biomarker could reduce the number of patients

required to show a treatment effect, follow-up time, and

trial costs.82 In particular, post hoc analysis of the FREE-

DOMS trial showed that NfL was more sensitive to treat-

ment effect than MRI measures, therefore NfL was

suggested as a potential surrogate endpoint that was non-

inferior to MRI.82 Of note, the earliest decrease in NfL

was observed at 3–6 months after treatment initia-

tion.18,26,79 However, most trials do not have a sampling

timepoint earlier than 3 months from baseline. Thus, a

treatment effect might be appreciable even earlier.

Alzheimer disease

AD is characterized by the accumulation of b-amyloid

(A), neurofibrillary tangles plaques (T), and neurodegen-

eration (N) in the brain parenchyma.83 The core AD CSF

biomarkers (Ab42, phospho-tau, total-tau) enabled the

quantification of these pathological processes supporting

the diagnosis of AD.83,84 However, the complexity of the

blood matrix, peripheral sources, and protein degradation

have hampered the translation of this biomarker panel in

the blood,84,85 although new assays for tau and phospho-

tau are being investigated.85,86 The pathological process of

AD begins years before symptoms are manifest.83 Thus, a

biomarker that facilitates early detection of the disease

would enable early treatment and better prognosis for AD

patients with familial AD.87 Studies in both sporadic and

familial AD demonstrated that blood NfL levels correlate

with cortical thinning and cognitive decline and have

prognostic value for future decline.15,29,88–93 Asymp-

tomatic individuals that carry mutations had increased

NfL levels and a higher rate of increase 9–15 years before

symptom onset than individuals without a mutation.15,94–

96

The incidence of sporadic AD increases with increasing

age. The average age of onset is 80 years for the sporadic

form (99% of patients) and 45 years for familial forms.83

The older age of sporadic AD patients is associated with a

higher prevalence of comorbidities, including cardiovascu-

lar conditions, which is associated with CNS ischemic

damage and subsequent release of NfL. This is a con-

founding co-variable that must be taken into account

when interpreting blood NfL in patients suspected of hav-

ing sporadic forms of AD (Fig. 2). This confounder

would not be present in younger patients suspected of

having familial AD. Of note, the change in blood NfL

levels measured longitudinally over time in an individual

had a better prognostic value than the absolute blood NfL

level at a single time point.15 Thus, the confounding effect

of comorbidities was controlled for using longitudinal

measurements. Blood NfL is a nonspecific measure of
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neurodegeneration without the diagnostic power of the

AD core CSF biomarkers.86 However, the simplicity of a

blood NfL measurement enables the monitoring of neu-

rodegeneration over time and provides a tool for detect-

ing the effect of prospective treatments.97

Amyotrophic lateral sclerosis

ALS is a neurodegenerative disease of the upper and

lower motoneurons.98 The diagnosis of ALS is based on

the exclusion of alternative diagnoses.98 NfL shows in this

disease the strongest diagnostic value. In fact, NfL levels

may have the ability to discriminate ALS from ALS-mim-

ics.48,99 Although the majority of ALS cases are sporadic,

a small proportion of patients are familial.100 However, in

those carrying a mutation associated with familial ALS,

an increase in NfL prior to symptom onset could not be

clearly identified, though the samples may have been

drawn too soon before symptom onset.100 A longitudinal

study reported that patients that converted to the symp-

tomatic stage had blood NfL levels higher than healthy

controls up to 1 year prior to symptom onset,101 findings

confirmed by an additional study by the same group.102

Blood NfL has also been investigated as a prognostic

biomarker once the disease has been diagnosed. Several

studies found that NfL levels at symptom onset were

prognostic of the disease progression rate.47,48,52,100,103

Thus NfL levels at symptom onset could be used to strat-

ify patients into groups with a similar prognosis in clini-

cal trials. Of note, the elevated levels of blood NfL remain

relatively stable throughout the disease course.47,48,101

As emerged from a recent meta-analysis on CSF NfL,

ALS presents particularly high NfL levels.54 This is

explained by the severity of the disease, but also by the

fact that the degeneration affects large myelinated axons

that have a high expression of NfL, which could be fur-

ther amplified by the long length of the axons.104

The phosphorylated form of NfH, the heavy subunit of

neurofilaments, is being investigated in ALS as a blood

biomarker.105 Similar to NfL, increased pNfH levels have

been observed prior to symptom onset,102 discriminated

ALS from ALS mimics99 and was associated with the dis-

ease progression rate.106 Studies that investigated both

NfL and pNfH suggested that pNfH was better at dis-

criminating ALS from other motor neuron diseases,107

thought NfL was better at reflecting disease severity and

progression.108,109 Nevertheless, these studies were not

powered or aimed at comparing the performance of the

Figure 2. Interpretation of NfL levels in adult and elderly patients. The relative contribution of the primary disease to the overall NfL level is

affected by other causes of neuronal damage. This is particularly relevant in the older populations, where aging and comorbidities lead to a

substantial variability between individuals. The increase in neuronal damage caused by the primary disease, for example, AD, may be masked by

silent damage due to comorbidities. AD, Alzheimer disease; FTD, frontotemporal dementia; MS, multiple sclerosis; NfL, neurofilament light chain;

TBI, traumatic brain injury.
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two biomarkers and confirmatory studies are needed. A

phase 1-2 clinical trial that explored the safety of Tofer-

sen, a treatment based on antisense oligonucleotides tar-

geting SOD1 messenger RNA, resulted in not only a

decrease in CSF SOD1 levels but also a decrease in both

NfL and pNfH levels whereas levels in the placebo arm

remained stable.110

Affected neurons in ALS have altered metabolism that

results in a decreased production of NfH versus NfL.111

This alters the normal stoichiometry of the three neurofil-

ament proteins from 7:3:2 (NfL:Neurofilament Medium

Chain (NfM):NfH, respectively) to 24:2.4:1.6 (NfL:NfM:

NfH)111 and can be found accumulated as aggregate in

the motor neurons.112 This is a further explanation for

increased NfL levels. The added value of measuring both

pNfH and NfL is yet to be determined. Nevertheless, the

changes in neurofilaments stoichiometry suggest that their

clinical value might depend on the disease stage. Thus,

the determination of both NfL and pNfH might ensure

better diagnostic and prognostic performances at earlier

and later stages of the disease.

Parkinson disease

PD is associated with the accumulation of a-synuclein in

the CNS and the selective loss of dopaminergic neurons

in the substantia nigra.113 Studies of blood NfL levels in

PD showed an elevation versus age-matched healthy con-

trols45,92,114 though the differences were not as pro-

nounced as with other CNS diseases. PD patients with

elevated blood NfL levels had worse cognitive

decline,45,92,114,115 brain cortical atrophy,115 and motor

score.45,92 Multiple system atrophy and progressive

supranuclear palsy manifest similar symptoms as early

stage of PD and are thus considered atypical Parkinsonian

disorders. A correct diagnosis in the early stages may be

difficult.113 Blood NfL levels in these atypical forms of

Parkinson’s disease are higher than in PD and thus may

be used to help differentiate PD from atypical parkinso-

nian disorders.45,46 As with Alzheimer’s disease and pro-

gressive MS the presence of comorbidities needs to be

controlled for in interpreting blood NfL levels.

Stroke

Acute neuronal damage to the brain caused by a stroke

may be related to hypoperfusion (ischemic stroke) or

bleeding (hemorrhagic stroke).116 In the first days after

stroke, there is a continuous increase in blood NfL over

time which remains increased over 3–6 months.21,22 Thus,

blood NfL levels reflect infarct size at 1 week but not

1 day after the stroke.22 Furthermore, cerebrovascular

events are accompanied by a rise in blood NfL

proportional to the lesion burden17,21,22,117–119 and clini-

cal scores.17,22,117–121 In addition blood NfL is prognostic

for disability at 3 months17,22,121 and at 3–7 years,17,118,121

as well as survival at 17 years,118 though not all studies

have found a prognostic association.119,120 Following an

acute stroke, prophylaxis to prevent or reduce further

events is initiated.116 Thus, a blood biomarker that

reflects subclinical events would help both in monitoring

and in determining the best treatment for stroke prophy-

laxis. Indeed, blood NfL levels link to the risk of develop-

ing stroke in the years following the acute event17 and

low NfL may reflect a real-time measure of effective pro-

phylactic therapy. In addition, blood NfL may be helpful

in those who have not had a stroke, but who are at risk

for stroke, such as subjects with diabetes.55 Blood NfL

levels are increased by subclinical ischemic events21 and

the risk of these subclinical events is associated with car-

diovascular risk factors.116 Of note, the use of NfL in

stroke should take into account the time between event

and blood NfL measurement and the long half-life of the

biomarker.

Traumatic brain injury

Traumatic brain injury (TBI) can be a consequence of a

penetrating or dull injury and can result in a mild, mod-

erate or severe brain damage.122 It has been repeatedly

shown that brain trauma that occurs in sports such as

football,123,124 soccer,125 hockey,20,126 and boxing20,127

result in increased NfL concentrations. Patients with dif-

ferent grades of TBI showed corresponding changes in

NfL levels.20,123,125,126,128 Interestingly, similarly to what

has been described in stroke patients, NfL showed a pro-

gressive increase over the first 12 days.126,128 Strikingly,

neuronal damage quantified 24h postevent was associated

with 1-year disability outcomes.128 NfL has been proposed

as an objective biomarker of trauma severity which in

turn may allow a more precise time-window for recov-

ery.122 Because the majority of traumatic events are classi-

fied as mild, such subjects are only evaluated clinically

when imaging with MRI might be appropriate.122

Exposure to a second trauma before complete recovery

can result in an augmented degree of brain injury122 and

chronic exposure to TBI is associated with the develop-

ment of a chronic traumatic encephalopathy.122 Notably,

the levels of NfL may remain increased for months,20

which could relate to slow degradation and long half-life

of NfL in the blood. In athletes, estimation of the brain

damage is critical for avoiding premature exposure to fur-

ther trauma. The use of blood NfL may provide an addi-

tional measure to assess brain damage and help guide in

long-term management and treatment of athletes that

undergo repeated head injury. Blood NfL could also find
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usefulness in other type of head trauma that may occur

in automobile accidents or in the military. Elevated blood

NfL levels in subjects with other neurologic diseases such

as MS should take into account whether the subject has

other risk factors, such as recent head trauma.

Frontotemporal dementia

Frontotemporal dementia (FTD) is characterized by a

range of symptoms from personality changes to apha-

sia.129 The differential diagnosis includes other forms of

dementia and primary psychiatric disorders. Blood NfL

was able to discriminate patients with the behavioral form

of FTD from patients with primary psychiatric disor-

ders.130,131 In 10% of cases FTD is caused by an autoso-

mal-dominant mutation in C9orf72 (a common mutation

to ALS), or MAPT or GRN genes.129 Studies on the

presymptomatic stage showed that mutation carriers tend

to have increased NfL when older than 48 years of age132

thought this was not described in a previous study.133

However, at symptom onset blood NfL discriminated

FTD patients from healthy controls.130,132–135 Clinical

subtypes could not be discriminated by blood NfL,135 but

higher concentrations reflected worse clinical and MRI

measures of disease activity131,132,134,135 as well as shorter

survival.133 Thus, blood NfL could be used to support the

diagnosis of the behavioral form of FTD, monitor disease

progression, and prognosis of FTD. Of note, some FTD

patients also have ALS129 which itself causes an increase

in blood NfL levels and should be considered when inter-

preting blood NfL.

Conclusion and Outlook

Neuronal injury is a universal event that occurs following

damage to the nervous system and the measurement of

blood NfL has emerged as an important biomarker for a

wide variety of nervous system conditions. Nevertheless,

NfL does not differentiate disease processes and other fac-

tors besides the primary neurologic disease including age,

pregnancy, BMI, diabetes, cardiovascular risk factors, and

unrecognized head trauma can be confounding factors

that influence blood NfL and thus should be taken into

account when assessing blood NfL in individual patients.

The use of reference ranges to interpret NfL levels in

young patients is appropriate but could be misleading in

elderly patients because of the physiological variability

observed with aging. The study of elderly patients could

benefit from longitudinal measurements that allow the

evaluation of the individual NfL profile without the need

for reference ranges to avoid inter-individual variability.

A critical point in applying blood NfL levels to clinical

practice is the understanding of the dynamics of NfL. The

time required to reach peak of NfL concentrations in the

blood following neuronal injury as well as its half-life in

the blood is not precisely known. This further under-

scores the importance of obtaining longitudinal measure-

ments in an individual patient.

In summary, the measurement of blood NfL in the

clinical practice provides a relatively simple and quantita-

tive way to measure neuronal damage. Future studies will

define its best use in clinical practice including the estab-

lishment of reference levels and a deeper understanding

of the biological process responsible for the release of NfL

in disease.
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