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ABSTRACT

Objective To assess the overall pooled correlation
coefficient estimate between cerebrospinal fluid (CSF) and
blood neurofilament light (NfL) protein.

Methods We searched Medline, Embase and Web of
Science for published articles, from their inception to 9
July 2019, according to Preferred Reporting ltems for
Systematic Reviews and Meta-analyses guidelines. Studies
reporting the correlation between CSF and blood NfL in
humans were included. We conducted a random-effects
meta-analysis to calculate the overall pooled correlation
coefficient estimate, accounting for correlation technique
and assay used. Heterogeneity was assessed using the

I? statistic test. In sensitivity analyses, we calculated the
pooled correlation coefficient estimate according to blood
NfL assay: single-molecule array digital immunoassay
(Simoay), electrochemiluminescence (ECL) assay or ELISA.
Results Data were extracted from 36 articles, including
3961 paired CSF and blood NfL samples. Overall, 26/36
studies measured blood NfL using Simoa, 8/36 ECL,

1/36 ELISA and 1 study reported all three assay results.
The overall meta-analysis demonstrated that the pooled
correlation coefficient estimate for CSF and blood NfL was
r=0.72. Heterogeneity was significant: [°=83%, p<0.01.

In sensitivity analyses, the pooled correlation coefficient
was similar for studies measuring blood NfL using Simoa
and ECL (r=0.69and r=0.68, respectively) but weaker for
ELISA (r=0.35).

Conclusion Moderate correlations are demonstrated
between CSF and blood NfL, especially when blood

NfL was measured using Simoa and ECL. Given its

high analytical sensitivity, Simoa is the preferred assay
for measuring NfL, especially at low or physiological
concentrations, and this meta-analysis supports its use as
the current most advanced surrogate measure of CSF NfL.
PROSPERO registration number CRD42019140469

INTRODUCTION

Cerebrospinal fluid (CSF) neurofilament
light (NfL) chain protein is well recognised
as a sensitive and dynamic biomarker of active
central nervous system (CNS) neuro-axonal
injury.'” The neurofilament complex is
predominantly located in the neuronal cyto-
plasm and they provide structural stability to
neurons and enable radial growth of axons.?”

,"? Sophia von Widekind,® Davide De Francesco,*
6 Alan Winston,"? Henrik Zetterberg @ ,

7,8

Concentrations of CSF NfL rise proportion-
ally to the degree of neuroaxonal injury in a
variety of neurological conditions including
neurodegenerative, inflammatory, vascular
and traumatic diseases.>”’

However, the invasive nature of CSF collec-
tion via lumbar punctures limits the wide-
spread use of CSF NfL. The ELISA routinely
used to measure that CSF NfL is not recom-
mended for blood NfLL measurement (usually
50-100 times lower than CSF NfL. concen-
trations), due to its limited sensitivity. Elec-
trochemiluminescence (ECL)-based NfL
assays have improved analytical sensitivity,8 9
but the novel ultrasensitive single-molecule
array (Simoa) digital immunoassay is 126-
fold and 25-fold more sensitive than ELISA
and ECL assays, respectively, for quantifica-
tion of NfL.'"" The manifold higher analyt-
ical sensitivity with the Simoa assay for NfL
measurement enables reliable blood NfL
measurement in disease and physiological
conditions,"" '* while avoiding the need for
CSF collection and allowing more frequent
measurement given that blood is easier to
obtain.

Individual studies have reported the
correlation coefficients between CSF NfL and
blood NfL in several, discrete neurological
conditions, but the pooled overall correlation
coefficient estimate has not been established.
If blood NIfL is to be used as a reliable surro-
gate marker of CSF NfL, then the overall esti-
mated correlation between CSF and blood
NfL needs to be determined.

The aim of this systematic review and meta-
analysis was to determine the overall pooled
correlation coefficient estimate between CSF
and blood NfL in human studies. Given the
lower analytical sensitivity of ELISA compared
with ECL and Simoa NfL assays, which is of
particular relevance when measuring blood
NIfL concentrations, we also assessed the
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pooled correlation coefficient estimate between CSF and
blood NfL, in studies that measured blood NfL using
the Simoa or ECL assays only. In subanalyses, we strati-
fied the pooled correlation coefficient estimates by blood
NfL assay, and according to whether both CSF and blood
NFL concentrations were measured using the Simoa assay
or whether CSF NfLL was measured using ELISA or ECL
assays while blood NFL was measured using Simoa. Addi-
tionally, we stratified the pooled correlation coefficient
estimates by plasma versus serum NfL, conditions which
purely affect the CNS versus conditions that affect both
the CNS and peripheral nervous system (PNS) versus
control participants and statistical correlation technique
used.

METHODS

Standard protocol approvals, registrations and patient
consents

This systematic review and meta-analysis was conducted in
accordance with Preferred Reporting Items for Systematic
Reviews and Meta-analyses guidelines'*'” and is reported
in compliance with the Meta-Analysis of Observational
Studies in Epidemiology proposal. A protocol was regis-
tered and approved in the International Prospective
Register of Systematic Reviews (PROSPERO)." ' we
searched publicly available published studies, and institu-
tional research ethics board approval and patient consent
were not required for this systematic review.

Data sources and search strategy

We systematically searched Ovid MEDLINE, Ovid Embase
and Web of Science electronic databases for eligible
published articles from their inception to 9 July 2019.
The following search terms were used: [ (cerebrospinal fluid
or spinal fluid or CSF) and (newrofilament* light or neuro
filament* light or NFL or NFLs)] and [(plasma or blood or
peripheral or serum) and (neurofilament™ light or newro fila-
ment* light or NFL or NFLs)]. Grey literature sources were
not accessed.

Inclusion and exclusion criteria

Studies published in English were included if the correla-
tion coefficient between paired CSF and blood (plasma or
serum) NfL in human participants was reported. Studies
were excluded for the following reasons: (1) duplicate
articles (where the same article was retrieved more than
once during the electronic database searches), (2) CSF
and blood samples retrieved at autopsy, (3) nonoriginal
research (review articles, letters in response to previous
articles) and (4) abstracts and conference proceedings.

Data collection

Retrieved articles were imported into Covidence, an
online primary screening and data extraction tool. Two
authors (JA and SvW) independently screened the titles
and abstracts of all studies retrieved from the database
search to identify potentially eligible studies; the two

authors (JA and SvW) then independently appraised the
potentially eligible full-text articles against the eligibility
criteria to determine final inclusion into the systematic
review and meta-analysis. Discrepancies about decisions
on study inclusion were resolved by the senior author
(SF). Where additional clarification was required such
as correlation technique used and sample size, the corre-
sponding author of the study was contacted and details
about the specific missing information were requested.

Data extraction

Data from the full-text articles were independently
extracted and checked for accuracy by two authors (JAand
SvW) and imported into a database on Microsoft Excel.
The following information was extracted: first author’s
surname, year of publication, article title, location where
study took place, study design, disease process(es) being
investigated, study population, number of paired CSF
and blood samples measured for NfL, CSF and blood
NfL assays used, plasma or serum samples analysed for
NfL, statistical correlation technique used and correla-
tion coefficient value. Data extraction is summarised in
online supplemental Table 1. Any disagreements during
data extraction were resolved by the senior author (SF).

Assessment of quality

Quality assessment was performed at the study level by
two authors (JA and SvW) using the National Institutes
of Health: National Heart Lung and Blood Institute’s
study quality assessment tools.'” Each item was scored as
(V=1 point, X or ?=0 points). Any study that scored above
6 points of the 14-point criteria was considered ‘good’
quality or ‘low risk of bias’. Studies scoring between 5 and
6 points were considered ‘fair’ quality or ‘moderate risk
of bias’ and studies scoring below 5 points were consid-
ered ‘poor’ quality or ‘high risk of bias’.

Statistical analysis
Meta-analyses were performed using the statistical soft-
ware R V.3.6 and the meta package. The pooled correla-
tion coefficient estimate and 95% Cl in the overall analysis
were calculated using a random-effects meta-analysis of
correlations based on Fisher’s Z-transformation, incor-
porating the heterogeneity between studies due to the
different correlation techniques and blood NfL assays
used. Heterogeneity and between-study variance were
assessed using the I” statistics and 1° (Sidik-Jonkman esti-
mator). The rank correlation test of funnel plot asym-
metry was used to assess for publication bias. A p value
<0.05 was considered statistically significant throughout.
In prespecified sensitivity analyses, pooled correla-
tion coefficient estimates were stratified according to:
(1) studies measuring blood NfL using ECL and Simoa
assays only, (2) blood NfL assay (Simoa, ECL or ELISA),
(8) whether both CSF and blood NfL. concentrations
were measured using Simoa or CSF NfLL was measured
using ELISA or ECL and blood NfL was measured using
the Simoa assay, (4) whether plasma or serum NfL was
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1,475 records identified through searches in Medline, Embase and Web of
Science

» 417 duplicates removed

1,058 records screened

826 records excluded as did
not meet the eligibility criteria

232 full-text articles assessed
for eligibility

196 records excluded:
76 CSF to blood NfL
correlation coefficient
not reported
57 review (non-original
research) articles
52 conference
proceedings (oral and
poster presentations)
2 erratum articles
2 letters in responses to
previous publications
3 duplicate studies
2 animal studies
1 autopsy study
1 non-English

v publication
36 studies included in meta-
analysis
Figure 1 PRISMA flowchart of study selection. Search

strategies generated 1058 articles using the search terms

as detailed in the Methods section. Thirty-six studies were
included in the meta-analysis of pooled correlation coefficient
estimate. CSF, cerebrospinal fluid; NfL, neurofilament

light chain protein; PRISMA, Preferred Reporting ltems for
Systematic Reviews and Meta-analyses.

measured, (5) whether the neurological condition being
investigated only affected the CNS or affected both the
CNS and PNS and (6) correlation coefficient technique
used (Spearman’s rank or Pearson’s correlation coef-
ficient, where unspecified, Pearson’s correlation was
imputed). Pooled correlation coefficient estimates and
95% CI in these subgroup analyses were calculated using
a fixed-effects model.

Data availability

The data sets used and analysed in this study including
those not published within the article can be shared
with other qualified investigators on reasonable request
made to the corresponding author, in accordance with
International Committee of Medical Journal Editors
requirements.

RESULTS

Study selection

The database searches identified 1058 unique articles
(figure 1). Titles and abstracts were screened against
the eligibility criteria and 826 articles were excluded
(figure 1). The remaining 232 articles underwent full-text

review and 36 articles® """ "% were deemed eligible for

inclusion into the meta-analysis (figure 1).

Study characteristics

Data were extracted from the 36 articles (online supple-
mental table 1) and included 3961 unique paired CSF
and blood NfLL measurements. Studies were from Europe
(n=26), North America (n=5), China (n=1) and four
studies recruited in multiple sites internationally. online
supplemental table 1 summarises the characteristics of
the individual studies included.

Blood NfL was measured using the Simoa assay in 26,/36
studies, ECL assay in 8/36 studies, ELISA in 1/36 study;
one study reported results using all three assays (Simoa,
ECL and ELISA) for each blood NfL. measurement.
Most studies measured CSF NfL using ELISA (23/36),
while 6/36 studies measured CSF NfL using Simoa, 6/36
studies using ECL and 1 study reported CSF NfL. measure-
ments using all three assays (Simoa, ECL and ELISA). In
total, 23/36 studies used serum NfL. when calculating
the correlation coefficient between CSF and blood NfL,
12/36 studies used plasma NfL and 1 study combined the
results from serum and plasma NfLL measurements. In
total, 21 unique correlation coefficients between CSF and
blood NfL were reported in conditions affecting the CNS
only, 17 unique correlation coefficients were reported in
conditions affecting the CNS and PNS and 7 correlation
coefficients were reported in cohorts of control partici-
pants. Overall, 22/36 studies reported Spearman’s rank
correlation, 13/36 studies reported Pearson’s correlation
coefficient; correlation technique was unspecified in one
study.

Meta-analysis results

Using a random-effects model, the overall pooled
correlation coefficient estimate for CSF and blood
NfL across all 36 eligible studies was r=0.723 (95% CI
0.540 to 0.840) (figure 2A). Heterogeneity was signif-
icant with an I? result of 83% and t° (Sidik-Jonkman
estimator) of 0.072, p<0.01, thus stratified analyses
were performed. The rank correlation test of funnel
plot asymmetry showed no asymmetry (p=0.53), and,
thus, no obvious publication bias (figure 2B).

In sensitivity analyses, the pooled correlation coef-
ficient estimates for CSF and blood NfL for studies
which measured blood NfL using Simoa or ECL
assays only (n=3848), excluding the two studies which
measured blood NfL using ELISA, was r=0.688 (95%
CI: 0.671, 0.705) (figure 3A). The pooled correlation
coefficient was similar when blood NfLL was measured
using Simoa (n=3117) and ECL (n=731) assays
(r=0.689 (95% CI 0.670 to 0.708) and r=0.684 (95%
CI 0.642 to 0.722), respectively) (figure 3B,C), but
weaker with ELISA (n=113) (r=0.354 (95% CI 0.176
to 0.510)) (figure 3D). The pooled correlation esti-
mate was similar when stratified according to studies
which measured both CSF and blood NfL using Simoa
(n=437) and studies where blood NfL. was measured
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Figure 2

(A) Forest plot of the overall pooled correlation coefficients for CSF and blood neurofilament light protein. Forest plot

of the summary correlation coefficients with corresponding 95% Cls for the correlation between CSF and blood neurofilament
light protein from all eligible studies. (B) Funnel plot with 95% Cls. The rank correlation test of funnel plot asymmetry (Fisher’s
Z-transformed correlation coefficient of the individual studies (horizontal axis) against the standard error (vertical axis)) shows no
asymmetry (p=0.53) and no obvious publication bias. CSF, cerebrospinal fluid

using Simoa and CSF NfL was measured using ELISA
or ECL (n=2600), r=0.712 (95% CI 0.661 to 0.756)
(figure 3E) and r=0.674 (95% CI 0.652 to 0.695)
(figure 3F), respectively.

With regards to studies measuring blood NIfL
in serum versus plasma, studies using serum NfL
(n=2335) had a pooled correlation coefficient esti-
mate of r=0.658 (95% CI 0.634 to 0.681) (figure 3G),
and studies which used plasma NfLL (n=1531) had a
pooled estimate of r=0.706 (95% CI 0.680 to 0.731)
(figure 3H).

Studies including participants with clinical disor-
ders that affected the CNS only (n=2045) had a pooled
correlation coefficient estimate of r=0.642 (95% CI
0.615 to 0.667) (figure 4A). Studies including partic-
ipants with clinical disorders that affected both the
CNS and PNS (n=1577) had a higher overall pooled
correlation coefficient estimate of r=0.745 (95% CI
0.721, 0.766) (figure 4B) and the control partici-
pants (n=308) had the lowest pooled correlation coef-
ficient estimate at r=0.552 (95% CI 0.466 to 0.627)
(figure 4C).

When stratified according to correlation technique
used, studies quoting Spearman’s rank correlation
coefficient (n=3085) had a pooled correlation coef-
ficient estimate of r=0.642 (95% CI 0.620 to 0.663)
(figure 4D), while the pooled estimate was higher for
studies quoting Pearson’s correlation (n=876), with
r=0.794 (95% CI 0.768 to 0.818) (figure 4E).

Quality assessment of included studies

The results of the quality assessment of the included
studies are summarised in online supplemental table 2.
Overall, 31 studies were classified as ‘good’ quality and
five as ‘fair’ quality.

DISCUSSION
Our systematic review and meta-analysis demonstrates
that the overall pooled correlation coefficient esti-
mate between CSF and blood NfL across pathologies
is moderately strong, according to the Chan defini-
tion.”” While this is reassuring, it is important to note
that blood NfL. does not correlate perfectly with CSF
NfL and additional factors may need to be taken into
consideration when interpreting blood NfL results.
Only two studies measured blood NfL using ELISA,
which has a low analytical sensitivity for measuring
NfLL concentration. When these two studies were
excluded, the pooled correlation coefficient esti-
mate between CSF and blood NfL across pathologies
remained moderately strong, which may reflect the
small number of unique paired CSF and blood NfL
measurements contributed by these two studies to
the overall pooled correlation coefficient estimate in
this meta-analysis. When stratified according to blood
NfL assay used, moderately strong correlations were
demonstrated between CSF and blood NfL in studies
using Simoa and ECL blood NfL assays, but the correla-
tions in studies using ELISA to measure blood NfL
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Figure 3 (A) Forest plot of the pooled correlation coefficients for CSF and blood neurofilament light protein, in studies

that used the Simoa and ECL assays only to measure blood NfL concentration. Forest plot of the summary correlation
coefficients with corresponding 95% Cls for the correlation between CSF and blood neurofilament light protein from studies
that used the Simoa digital immunoassay to measure both CSF and blood NfL concentrations. (B) Forest plot of the pooled
correlation coefficients for studies using Simoa to measure blood NfL. Forest plot of the summary correlation coefficients

with corresponding 95% Cls for the correlation between CSF and blood neurofilament light protein from studies that used

the Simoa digital immunoassay to measure blood NfL. (C) Forest plot of the pooled correlation coefficients for studies using

the ECL assay to measure blood NfL. Forest plot of the summary correlation coefficients with corresponding 95% Cls for the
correlation between CSF and blood neurofilament light protein from studies that used the electrochemiluminescence assay to
measure blood NfL. (D) Forest plot of the pooled correlation coefficients for studies using the ELISA assay to measure blood
NfL. Forest plot of the summary correlation coefficients with corresponding 95% Cls for the correlation between CSF and blood
neurofilament light protein from studies that used the ELISA to measure blood NfL. (E) Forest plot of the pooled correlation
coefficients for CSF and blood neurofilament light protein for studies using the Simoa assay to measure both CSF and blood
NfL concentrations. Forest plot of the summary correlation coefficients with corresponding 95% Cls for the correlation

between CSF and blood neurofilament light protein from studies that used the Simoa digital immunoassay to measure both
CSF and blood NfL concentrations. (F) Forest plot of the pooled correlation coefficients for studies using the ELISA or ECL
assays to measure CSF NfL and Simoa assay to measure blood NfL. Forest plot of the summary correlation coefficients with
corresponding 95% Cls for the correlation between CSF and blood neurofilament light protein from studies that used the ELISA
or ECL assays to measure CSF NfL concentrations and the Simoa digital immunoassay to measure blood NfL concentrations.
(G) Forest plot of the pooled correlation coefficients for studies that measured serum NfL. Forest plot of the summary correlation
coefficients with corresponding 95% Cls for the correlation between CSF and blood neurofilament light protein from studies
which measured serum NfL. (H) Forest plot of the pooled correlation coefficients for studies that measured plasma NfL.

Forest plot of the summary correlation coefficients with corresponding 95% Cls for the correlation between CSF and blood
neurofilament light protein from studies which measured plasma NfL. CSF, cerebrospinal fluid; NfL, neurofilament light chain
protein; ECL, electrochemiluminescence.
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Figure 4

(A) Forest plot of the pooled correlation coefficients for studies involving CNS-only disorders. Forest plot of the

summary correlation coefficients with corresponding 95% Cls for the correlation between CSF and blood neurofilament light
protein from studies including participants with neurological disorders that only affect the central nervous system only. (B)
Forest plot of the pooled correlation coefficients for studies involving CNS and PNS disorders. Forest plot of the summary
correlation coefficients with corresponding 95% Cls for the correlation between CSF and blood neurofilament light protein
from studies including participants with neurological disorders that affect both the CNS and PNS. (C) Forest plot of the pooled
correlation coefficients from control participants. Forest plot of the summary correlation coefficients with corresponding 95%
Cls for the correlation between CSF and blood neurofilament light protein from control participants. (D) Forest plot of the pooled
correlation coefficients from studies reporting Spearman’s rank correlation coefficient. Forest plot of the summary correlation
coefficients with corresponding 95% Cls for the correlation between CSF and blood neurofilament light protein from studies
reporting Spearman’s rank correlation coefficient. (E) Forest plot of the pooled correlation coefficients from studies reporting
Pearson’s correlation coefficient. Forest plot of the summary correlation coefficients with corresponding 95% Cls for the
correlation between CSF and blood neurofilament light protein from studies reporting Pearson’s correlation coefficient. CNS,
central nervous system;CSF, cerebrospinal fluid; NfL, neurofilament light chain protein; PNS, peripheral nervous system.

were much lower. The pooled correlation estimate
was higher in studies that measured both CSF and
blood NfL using Simoa compared with studies that
measured blood NfL using Simoa and CSF NfL using
ELISA or ECL, suggesting that in the setting of these
studies, measuring CSF and blood NfL using Simoa
improved the association in NfL between the two
compartments. Simoa is the current preferred blood
NIfL assay, especially at low or physiological concentra-
tions due to its high analytical sensitivity (low detec-
tion limit),'” ' and this meta-analysis supports the use
of blood NfLL measured using Simoa as the current
most advanced surrogate measure of CSF NfL.

The correlation coefficients were similarly moder-
ately strong when stratified according to studies which
measured plasma versus serum NfL, in keeping with
published literature suggesting the lack of difference
in NfL concentration when measured in these two
matrices.”!

When stratified according to underlying condition
being studied (purely CNS conditions, conditions with
CNS and PNS components and control participants),
the pooled correlation coefficient estimates were
highest in participants with CNS and PNS disease and
lowest in the control participants. The NfLL concentra-
tion range was lower in control participants and closer

to the analytical sensitivity of the NfL assays employed,
thus, more variable, resulting in a lower correlation
between CSF and blood NfL. This suggests that blood
NfL is a better surrogate marker of CSF NfL at higher
CSF NfL concentration ranges. Additionally, partic-
ipants with disorders affecting the CNS may have a
more disrupted blood-brain barrier, and, thus, leak
more NfL from the CSF into the blood, compared
with control participants, who are more likely to have
intact blood—brain barriers, and, thus, leak less CSF
NfL into the bloodstream. The pooled correlation
coefficient between CSF and blood NfL is higher in
studies reporting Pearson’s correlation compared with
those reporting Spearman’s rank correlation, possibly
due to the presence of outliers or to non-normality of
NfL concentrations.

Strengths of our review are the high methodological
standards used to conduct the systematic review, and
the inclusion of potential confounders in sensitivity
analyses. Limitations include publication bias, which
may cause an overestimation of the pooled correlation
coefficient estimates. Most studies enrolled partici-
pants in Western Europe and North America, and it
is unknown whether our results can be extrapolated
to individuals globally. We included publications in
English language only as part of our search strategy
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and may have excluded studies reporting the correla-
tion coefficient between CSF and plasma NfL that
were not in English language, which may affect the
pooled correlation coefficient estimates. The number
of blood samples measured for NfLL using ELISA was
much smaller (n=113) compared with Simoa (n=3117)
and ECL (n=731), which may contribute to the much
wider 95% CI for the pooled correlation coefficient
estimate between CSF and blood NfL in samples using
ELISA technique. However, the most likely explana-
tion for the variable results is that blood NfL concen-
tration measured by ELISA simply reflects noise, as
the analytical sensitivity of the assay is insufficient to
quantify NfL in blood reliably.

The impact of heterogeneous factors that may influ-
ence NfLL measurement and interpretation such as
unicentric versus multicentric studies, cross-sectional
versus longitudinal samples and the duration between
CSF and blood sampling were not explored in this
review, due to the data not being readily available from
the publications. Data on preanalytical factors that
may affect NfL measurements were also not consis-
tently available, thus, it could not be systematically
assessed between the studies. Preanalytical factors to
consider include different sampling methods,”” dura-
tion of NfL stability at room temperature® > and
number of freeze-thaw cycles prior to NfLL measure-
ment.8 535556

Data were not routinely accessible for the following
factors that may increase plasma NfL independently of
CSF NfL and affect the correlation between CSF and
blood NfL. There is evidence to suggest an association
between increased blood-brain barrier permeability and
increased blood NfL concentration,11 7 but other studies
have not demonstrated this relationship.*** Other factors
that may be associated with increased blood NfL include
lower body mass index (possibly due to decreased blood
volume),” pregnancy (possibly due to the developing
fetal brain),60 ol peripheral nerve injury,27 concomitant
use of neurotoxic drugs™ and lower estimated glomerular
filtration rate.”

Using rigorous systematic review and meta-analysis, we
report an overall moderately strong correlation between
CSF and blood NfL. Until now, the strength of the correla-
tion between CSF and blood NfL has been questionable
due to the uncertainty of agreement between the studies.
Our findings support the use of blood NfL. measurement
as a promising surrogate marker of CSF NfL. Additional
studies are warranted to validate the blood NfL assay and
to assess how blood NfL performs in clinical and research
settings.

Author affiliations

"Department of Infectious Disease, Imperial College London, London, UK
%Department of Genitourinary Medicine & HIV, Imperial College Healthcare NHS
Trust, London, UK

SFaculty of Medicine, Imperial College London, London, UK

“Institute for Global Health, University College London, London, UK

SDivision of Infection and Immunity, Cardiff University, Cardiff, UK

®Department of Brain Sciences, Imperial College London, London, UK

"Department of Neurodegenerative Disease, UCL Institute of Neurology, London, UK
®Department of Psychiatry and Neurochemistry, University of Gothenburg
Sahlgrenska Academy, Goteborg, Sweden

Contributors JA, AW and SF conceptualised the idea for the study, JA, SYW, AW,
HZ and SF designed the study, JA, SvW, JU, PE, AW, HZ and DDF formulated the
data analysis plan; JA and SvW performed the data collection, SF resolved conflicts
during data collection, DDF performed the statistical analysis, JA, SYW and DDF
interpreted the results, JA drafted the first version of the manuscript, all authors
reviewed and edited the manuscript for intellectual content.

Funding Imperial College National Institute of Health Research (NIHR) Biomedical
Research Centre (BRC) provided infrastructural support

Competing interests JA has received financial support to attend scientific
conferences from MSD and Gilead Sciences. JU has received honoraria for
preparation of educational materials and has served on an advisory board for
Gilead Sciences. PE has received grants from the Medical Research Council,
Alzheimer’s Research UK, Alzheimer’s Drug Discovery Foundation, Alzheimer’s
Association, Alzheimer’s Society, Novo Nordisk®, Life Molecular Imaging, GE
Healthcare, Eli Lilly and Company, Novartis International AG and NIHR Imperial
Biomedical Research Centre (BRC). PE was also a consultant to Pfizer, is now a
consultant to Novo Nordisk, and serves on the advisory board for Novo Nordisk. PE
has received consultancy and speaker fees from Piramal Life Sciences, Pfizer and
Novo Nordisk. AW has received honoraria or research grants on behalf of Imperial
College London or been a consultant or investigator in clinical trials sponsored by
Bristol-Myers Squibb, Gilead Sciences, GlaxoSmithKline, Janssen-Cilag, Roche

and ViiV Healthcare. HZ has served at scientific advisory boards for Denali, Roche
Diagnostics, Wave, Samumed and CogRx, has given lectures in symposia sponsored
by Fujirebio, Alzecure and Biogen, and is a co-founder of Brain Biomarker Solutions
in Gothenburg AB, a GU Ventures-based platform company at the University of
Gothenburg (outside submitted work). SF received funding and research grants
from the National Institutes of Health (NIH), Bill & Melinda Gates Foundation (BMGF)
and Medical Research Council (MRC).

Patient consent for publication Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Jasmini Alagaratnam http://orcid.org/0000-0003-2256-423X
Paul Edison http://orcid.org/0000-0002-6551-2002

Henrik Zetterberg http://orcid.org/0000-0003-3930-4354

REFERENCES

1 Olsson B, Portelius E, Cullen NC, et al. Association of cerebrospinal
fluid neurofilament light protein levels with cognition in patients with
dementia, motor neuron disease, and movement disorders. JAMA
Neurol 2019;76:318.

2 Khalil M, Teunissen CE, Otto M, et al. Neurofilaments as biomarkers
in neurological disorders. Nat Rev Neurol 2018;14:577-89.

3 Gaetani L, Blennow K, Calabresi P, et al. Neurofilament light chain as
a biomarker in neurological disorders. J Neurol Neurosurg Psychiatry
2019;90:870-81.

4 Rosengren LE, Karlsson JE, Karlsson JO, et al. Patients with
amyotrophic lateral sclerosis and other neurodegenerative diseases

Alagaratnam J, et al. BMJ Neurol Open 2021;3:€000143. doi:10.1136/bmjno-2021-000143 7

1ybuAdoo Ag
pa193101d ‘AlSIaAIUN YipteD 1e TZ0z ‘g Jaquiardas uo jwod’[wqg uadoABojoinauy//:diny wolj papeojumoq ‘TZ0Z dunt 9T Uo £1T000-T20Z-oulwa/9eTT 0T Se payslgnd 1sii :uadO |0inaN CING


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-2256-423X
http://orcid.org/0000-0002-6551-2002
http://orcid.org/0000-0003-3930-4354
http://dx.doi.org/10.1001/jamaneurol.2018.3746
http://dx.doi.org/10.1001/jamaneurol.2018.3746
http://dx.doi.org/10.1038/s41582-018-0058-z
http://dx.doi.org/10.1136/jnnp-2018-320106
http://neurologyopen.bmj.com/

have increased levels of neurofilament protein in CSF. J Neurochem 29 Marques TM, van Rumund A, Oeckl P, et al. Serum NFL discriminates
1996;67 Parkinson disease from atypical Parkinsonisms. Neurology

5 Hall S, Ohrfelt A, Constantinescu R, et al. Accuracy of a panel of 2019;92:e1479
5 cerebrospinal fluid biomarkers in the differential diagnosis of 30 Mattsson N, Andreasson U, Zetterberg H, et al. Association of
patients with dementia and/or parkinsonian disorders. Arch Neurol plasma neurofilament light with neurodegeneration in patients with
2012;69:1445. Alzheimer disease. JAMA Neurol 2017;74:557.

6 Magdalinou NK, Paterson RW, Schott JM, et al. A panel of 31 Meeter LH, Dopper EG, Jiskoot LC, et al. Neurofilament light chain:
nine cerebrospinal fluid biomarkers may identify patients with a biomarker for genetic frontotemporal dementia. Ann Clin Transl
atypical parkinsonian syndromes. J Neurol Neurosurg Psychiatry Neurol 2016;3:623-36.
2015;86:1240-7. 32 Menke RAL, Gray E, Lu C-H, et al. Csf neurofilament light chain

7 Teunissen CE, Khalil M. Neurofilaments as biomarkers in multiple reflects corticospinal tract degeneration in ALS. Ann Clin Trans/
sclerosis. Mult Scler 2012;18:552-6. Neurol 2015;2:748-55.

8 Gaiottino J, Norgren N, Dobson R, et al. Increased neurofilament light 33 Mielke MM, Syrjanen JA, Blennow K, et al. Plasma and CSF
chain blood levels in neurodegenerative neurological diseases. PLoS neurofilament light: relation to longitudinal neuroimaging and
One 2013;8:e75091. cognitive measures. Neurology 2019;93:e252-60.

9 Kuhle J, Nourbakhsh B, Grant D, et al. Serum neurofilament is 34 Novakova L, Zetterberg H, Sundstrdm P, et al. Monitoring disease
associated with progression of brain atrophy and disability in early activity in multiple sclerosis using serum neurofilament light protein.
MS. Neurology 2017;88:826-31. Neurology 2017;89:2230-7.

10 Kuhle J, Barro C, Andreasson U, et al. Comparison of three analytical 35 Piehl F, Kockum I, Khademi M, et al. Plasma neurofilament light chain
platforms for quantification of the neurofilament light chain in blood levels in patients with MS switching from injectable therapies to
samples: ELISA, electrochemiluminescence immunoassay and fingolimod. Mult Scler 2018;24:1046-54.

Simoa. Clin Chem Lab Med 2016;54:1655-61. 36 Rojas JC, Bang J, Lobach IV, et al. Csf neurofilament light chain

11 Gisslén M, Price RW, Andreasson U, et al. Plasma Concentration and phosphorylated tau 181 predict disease progression in PSP.
of the Neurofilament Light Protein (NFL) is a Biomarker of CNS Neurology 2018;90:273-81.

Injury in HIV Infection: A Cross-Sectional Study. EBioMedicine 37 Rojas JC, Karydas A, Bang J, et al. Plasma neurofilament light chain
2016;3:135-40. predicts progression in progressive supranuclear palsy. Ann Clin

12 Disanto G, Barro C, Benkert P, et al. Serum neurofilament light: a Transl Neurol 2016;3:216-25.
biomarker of neuronal damage in multiple sclerosis. Ann Neurol 38 Sanchez-Valle R, Heslegrave A, Foiani MS, et al. Serum
2017;81:857-70. neurofilament light levels correlate with severity measures and

13 Moher D, Liberati A, Tetzlaff J, et al. Preferred reporting items for neurodegeneration markers in autosomal dominant Alzheimer’s
systematic reviews and meta-analyses: the PRISMA statement. PLoS disease. Alzheimers Res Ther 2018;10.

Med 2009;6:€1000097. doi:10.1371/journal.pmed.1000097 39 Sehr T, Akglin K, Proschmann U, et al. Early central vs. peripheral

14 Moher D, Shamseer L, Clarke M. Preferred reporting items for immunological and neurobiological effects of fingolimod-a
systematic review and meta-analysis protocols (PRISMA-P) 2015 longitudinal study. J Mol Med 2019;97:1263-71.
statement. Rev Esp Nutr Humana y Diet 2016. doi:10.1186/2046- 40 Staffaroni AM, Kramer AO, Casey M, et al. Association of blood
4053-4-1 and cerebrospinal fluid tau level and other biomarkers with

15 Shamseer L, Moher D, Clarke M, et al. Preferred reporting items for survival time in sporadic Creutzfeldt-Jakob disease. JAMA Neurol
systematic review and meta-analysis protocols (PRISMA-P) 2015: 2019;76:969.
elaboration and explanation. BMJ 2015;349:97647. 41 Steinacker P, Anderl-Straub S, Diehl-Schmid J, et al. Serum

16 Booth A, Clarke M, Dooley G, et al. The nuts and bolts of Prospero: neurofilament light chain in behavioral variant frontotemporal
an international prospective register of systematic reviews. Syst Rev dementia. Neurology 2018;91:1390-401.

2012;1:2. 42 Weydt P, Oeckl P, Huss A, et al. Neurofilament levels as biomarkers

17 NHLBI. Study quality assessment tools | National heart, lung, and in asymptomatic and symptomatic familial amyotrophic lateral
blood Institute (NHLBI). Available: https://www.nhlbi.nih.gov/ sclerosis. Ann Neurol 2016;79:152-8.
health-topics/study-quality-assessment-tools [Accessed 6 Mar 43 Wilke C, Preische O, Deuschle C, et al. Neurofilament light chain in
2020]. FTD is elevated not only in cerebrospinal fluid, but also in serum. J

18 de Flon P, Laurell K, Sundstrdom P, et al. Comparison of plasma and Neurol Neurosurg Psychiatry 2016;87:1270-2.
cerebrospinal fluid neurofilament light in a multiple sclerosis trial. 44 Abdelhak A, Huss A, Kassubek J, et al. Serum GFAP as a biomarker
Acta Neurol Scand 2019;139:462-8. for disease severity in multiple sclerosis. Sci Rep 2018;8.

19 Fortea J, Carmona-Iragui M, Benejam B, et al. Plasma and CSF 45 Abdelhak A, Hottenrott T, Morenas-Rodriguez E, et al. Glial Activation
biomarkers for the diagnosis of Alzheimer's disease in adults Markers in CSF and Serum From Patients With Primary Progressive
with Down syndrome: a cross-sectional study. Lancet Neurol Multiple Sclerosis: Potential of Serum GFAP as Disease Severity
2018;17:860-9. Marker? Front Neurol 2019;10:280.

20 Gong Z-Y, Lv G-P, Gao L-N, et al. Neurofilament subunit L levels in 46 Benatar M, Wuu J, Andersen PM, et al. Neurofilament light: a
the cerebrospinal fluid and serum of patients with amyotrophic lateral candidate biomarker of presymptomatic amyotrophic lateral sclerosis
sclerosis. Neurodegener Dis 2018;18:165-72. and phenoconversion. Ann Neurol 2018;84:130-9.

21 Hakansson I, Tisell A, Cassel P, et al. Neurofilament levels, disease 47 Bergman J, Dring A, Zetterberg H, et al. Neurofilament light in CSF
activity and brain volume during follow-up in multiple sclerosis. J and serum is a sensitive marker for axonal white matter injury in MS.
Neuroinflammation 2018;15:209. Neurol Neuroimmunol Neuroinflamm 2016;3:e271.

22 Halaas NB, Blennow K, Idland AV. Neurofilament light in serum and 48 Byrne LM, Rodrigues FB, Blennow K, et al. Neurofilament light
cerebrospinal fluid of hip fracture patients with delirium. Dement protein in blood as a potential biomarker of neurodegeneration in
Geriatr Cogn Disord 2019;46. doi:10.1159/000494754 Huntington's disease: a retrospective cohort analysis. Lancet Neurol

23 Hansson O, Janelidze S, Hall S, et al. Blood-based NfL: A biomarker 2017;16:601-9.
for differential diagnosis of parkinsonian disorder. Neurology 49 Byrne LM, Rodrigues FB, Johnson EB, et al. Evaluation of mutant
2017;88:930-7. huntingtin and neurofilament proteins as potential markers in

24 Kalm M, Bostrdm M, Sandelius Asa, et al. Serum concentrations of Huntington's disease. Sci Trans/ Med 2018;10. doi:10.1126/
the axonal injury marker neurofilament light protein are not influenced scitransimed.aat7108. [Epub ahead of print: 12 Sep 2018].
by blood-brain barrier permeability. Brain Res 2017;1668:12-19. 50 Chan YH. Biostatistics 104: correlation analysis. Singapore Med J

25 Kuhle J, Barro C, Disanto G, et al. Serum neurofilament light chain 2003.
in early relapsing remitting MS is increased and correlates with 51 O'Connell GC, Alder ML, Webel AR, et al. Neuro biomarker levels
CSF levels and with MRI measures of disease severity. Mult Scler measured with high-sensitivity digital ELISA differ between serum
2016;22:1550-9. and plasma. Bioanalysis 2019;11:2087-94.

26 Lu C-H, Macdonald-Wallis C, Gray E, et al. Neurofilament light chain: 52 Sejbaek T, Nielsen HH, Penner N. Dimethyl fumarate decreases
a prognostic biomarker in amyotrophic lateral sclerosis. Neurology neurofilament light chain in CSF and blood of treatment naive
2015;84:2247-57. relapsing MS patients. J Neurol Neurosurg Psychiatry 2019:90.

27 Mariotto S, Farinazzo A, Magliozzi R, et al. Serum and cerebrospinal 53 Lewczuk P, Ermann N, Andreasson U. Plasma neurofilament light as
neurofilament light chain levels in patients with acquired peripheral a potential biomarker of neurodegeneration in Alzheimer’s disease.
neuropathies. J Peripher Nerv Syst 2018;23:174-7. Alzheimer’s Res Ther 2018;10.

28 Mariotto S, Gajofatto A, Zuliani L, et al. Serum and CSF 54 CH L, Macdonald-Wallis C, Gray E. Neurofilament light chain: a
neurofilament light chain levels in antibody-mediated encephalitis. J prognostic biomarker in amyotrophic lateral sclerosis. Neurology
Neurol 2019;266:1643-8. 2015.

8 Alagaratnam J, et al. BMJ Neurol Open 2021;3:€000143. doi:10.1136/bmjno-2021-000143

1ybuAdoo Ag
pa193101d ‘AlSIaAIUN YipteD 1e TZ0z ‘g Jaquiardas uo jwod’[wqg uadoABojoinauy//:diny wolj papeojumoq ‘TZ0Z dunt 9T Uo £1T000-T20Z-oulwa/9eTT 0T Se payslgnd 1sii :uadO |0inaN CING


http://dx.doi.org/10.1046/j.1471-4159.1996.67052013.x
http://dx.doi.org/10.1001/archneurol.2012.1654
http://dx.doi.org/10.1136/jnnp-2014-309562
http://dx.doi.org/10.1177/1352458512443092
http://dx.doi.org/10.1371/journal.pone.0075091
http://dx.doi.org/10.1371/journal.pone.0075091
http://dx.doi.org/10.1212/WNL.0000000000003653
http://dx.doi.org/10.1515/cclm-2015-1195
http://dx.doi.org/10.1016/j.ebiom.2015.11.036
http://dx.doi.org/10.1002/ana.24954
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.1186/2046-4053-4-1
http://dx.doi.org/10.1136/bmj.g7647
http://dx.doi.org/10.1186/2046-4053-1-2
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools
http://dx.doi.org/10.1111/ane.13078
http://dx.doi.org/10.1016/S1474-4422(18)30285-0
http://dx.doi.org/10.1159/000488681
http://dx.doi.org/10.1186/s12974-018-1249-7
http://dx.doi.org/10.1186/s12974-018-1249-7
http://dx.doi.org/10.1159/000494754
http://dx.doi.org/10.1159/000494754
http://dx.doi.org/10.1212/WNL.0000000000003680
http://dx.doi.org/10.1016/j.brainres.2017.05.011
http://dx.doi.org/10.1177/1352458515623365
http://dx.doi.org/10.1212/WNL.0000000000001642
http://dx.doi.org/10.1111/jns.12279
http://dx.doi.org/10.1007/s00415-019-09306-z
http://dx.doi.org/10.1007/s00415-019-09306-z
http://dx.doi.org/10.1212/WNL.0000000000007179
http://dx.doi.org/10.1001/jamaneurol.2016.6117
http://dx.doi.org/10.1002/acn3.325
http://dx.doi.org/10.1002/acn3.325
http://dx.doi.org/10.1002/acn3.212
http://dx.doi.org/10.1002/acn3.212
http://dx.doi.org/10.1212/WNL.0000000000007767
http://dx.doi.org/10.1212/WNL.0000000000004683
http://dx.doi.org/10.1177/1352458517715132
http://dx.doi.org/10.1212/WNL.0000000000004859
http://dx.doi.org/10.1002/acn3.290
http://dx.doi.org/10.1002/acn3.290
http://dx.doi.org/10.1186/s13195-018-0439-y
http://dx.doi.org/10.1007/s00109-019-01812-x
http://dx.doi.org/10.1001/jamaneurol.2019.1071
http://dx.doi.org/10.1212/WNL.0000000000006318
http://dx.doi.org/10.1002/ana.24552
http://dx.doi.org/10.1136/jnnp-2015-312972
http://dx.doi.org/10.1136/jnnp-2015-312972
http://dx.doi.org/10.1038/s41598-018-33158-8
http://dx.doi.org/10.3389/fneur.2019.00280
http://dx.doi.org/10.1002/ana.25276
http://dx.doi.org/10.1212/NXI.0000000000000271
http://dx.doi.org/10.1016/S1474-4422(17)30124-2
http://dx.doi.org/10.1126/scitranslmed.aat7108
http://dx.doi.org/10.4155/bio-2019-0213
http://neurologyopen.bmj.com/

55

56

57

58

Kuhle J, Plattner K, Bestwick JP, et al. A comparative study of
CSF neurofilament light and heavy chain protein in MS. Mult Scler
2013;19:1597-603.

Keshavan A, Heslegrave A, Zetterberg H. Stability of blood-based
biomarkers of Alzheimer's disease over multiple freeze-thaw cycles.
Alzheimers Dement 2018. doi:10.1016/j.dadm.2018.06.001

Uher T, McComb M, Galkin S, et al. Neurofilament levels are
associated with blood-brain barrier integrity, lymphocyte
extravasation, and risk factors following the first demyelinating
event in multiple sclerosis. Mult Scler 2021;27:220-31.
doi:10.1177/1352458520912379

Tyrberg T, Nilsson S, Blennow K, et al. Serum and cerebrospinal
fluid neurofilament light chain in patients with central nervous
system infections caused by varicella-zoster virus. J Neurovirol
2020;26:719-26.

59

60

61

62

63

Manouchehrinia A, Piehl F, Hillert J, et al. Confounding effect of
blood volume and body mass index on blood neurofilament light
chain levels. Ann Clin Transl Neurol 2020;7:139-43.

Evers KS, Atkinson A, Barro C, et al. Neurofilament as neuronal injury
blood marker in preeclampsia. Hypertension 2018;71:1178-84.
Cuello JP, Martinez Ginés ML, Kuhle J, et al. Neurofilament light
chain levels in pregnant multiple sclerosis patients: a prospective
cohort study. Eur J Neurol 2019;26:1200-4.

Meregalli C, Fumagalli G, Alberti P, et al. Neurofilament light chain:

a specific serum biomarker of axonal damage severity in rat models
of chemotherapy-induced peripheral neurotoxicity. Arch Toxicol
2020;94:2517-22.

Korley FK, Goldstick J, Mastali M, et al. Serum NFL (neurofilament
light chain) levels and incident stroke in adults with diabetes mellitus.
Stroke 2019;50:1669-75.

Alagaratnam J, et al. BMJ Neurol Open 2021;3:€000143. doi:10.1136/bmjno-2021-000143

1ybuAdoo Ag
pa193101d ‘AlSIaAIUN YipteD 1e TZ0z ‘g Jaquiardas uo jwod’[wqg uadoABojoinauy//:diny wolj papeojumoq ‘TZ0Z dunt 9T Uo £1T000-T20Z-oulwa/9eTT 0T Se payslgnd 1sii :uadO |0inaN CING


http://dx.doi.org/10.1177/1352458513482374
http://dx.doi.org/10.1016/j.dadm.2018.06.001
http://dx.doi.org/10.1177/1352458520912379
http://dx.doi.org/10.1007/s13365-020-00889-2
http://dx.doi.org/10.1002/acn3.50972
http://dx.doi.org/10.1161/HYPERTENSIONAHA.117.10314
http://dx.doi.org/10.1111/ene.13965
http://dx.doi.org/10.1007/s00204-020-02755-w
http://dx.doi.org/10.1161/STROKEAHA.119.024941
http://neurologyopen.bmj.com/

	Correlation between CSF and blood neurofilament light chain protein: a systematic review and meta-­analysis
	Abstract
	Introduction
	Methods
	Standard protocol approvals, registrations and patient consents
	Data sources and search strategy
	Inclusion and exclusion criteria
	Data collection
	Data extraction
	Assessment of quality
	Statistical analysis
	Data availability

	Results
	Study selection
	Study characteristics
	Meta-analysis results
	Quality assessment of included studies

	Discussion
	References


