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IMPORTANCE Neurofilament light protein (NfL) is elevated in cerebrospinal fluid (CSF) of a
number of neurological conditions compared with healthy controls (HC) and is a candidate
biomarker for neuroaxonal damage. The influence of age and sex is largely unknown, and
levels across neurological disorders have not been compared systematically to date.

OBJECTIVES To assess the associations of age, sex, and diagnosis with NfL in CSF (cNfL) and
to evaluate its potential in discriminating clinically similar conditions.

DATA SOURCES PubMed was searched for studies published between January 1, 2006,
and January 1, 2016, reporting cNfL levels (using the search terms neurofilament light and
cerebrospinal fluid) in neurological or psychiatric conditions and/or in HC.

STUDY SELECTION Studies reporting NfL levels measured in lumbar CSF using a commercially
available immunoassay, as well as age and sex.

DATA EXTRACTION AND SYNTHESIS Individual-level data were requested from study authors.
Generalized linear mixed-effects models were used to estimate the fixed effects of age, sex,
and diagnosis on log-transformed NfL levels, with cohort of origin modeled as a random
intercept.

MAIN OUTCOME AND MEASURE The cNfL levels adjusted for age and sex across diagnoses.

RESULTS Data were collected for 10 059 individuals (mean [SD] age, 59.7 [18.8] years; 54.1%
female). Thirty-five diagnoses were identified, including inflammatory diseases of the central
nervous system (n = 2795), dementias and predementia stages (n = 4284), parkinsonian
disorders (n = 984), and HC (n = 1332). The cNfL was elevated compared with HCin a
majority of neurological conditions studied. Highest levels were observed in cognitively
impaired HIV-positive individuals (iHIV), amyotrophic lateral sclerosis, frontotemporal
dementia (FTD), and Huntington disease. In 33.3% of diagnoses, including HC, multiple
sclerosis, Alzheimer disease (AD), and Parkinson disease (PD), cNfL was higher in men than
women. The cNfL increased with age in HC and a majority of neurological conditions,
although the association was strongest in HC. The cNfL overlapped in most clinically similar
diagnoses except for FTD and iHIV, which segregated from other dementias, and PD, which
segregated from atypical parkinsonian syndromes.

CONCLUSIONS AND RELEVANCE These data support the use of cNfL as a biomarker of Author Affiliations: Author

neuroaxonal damage and indicate that age-specific and sex-specific (and in some cases affiliations are listed at the end of this
disease-specific) reference values may be needed. The cNfL has potential to assist the article.
differentiation of FTD from AD and PD from atypical parkinsonian syndromes. Group Information: The NFL Group
members are listed at the end of
this article.
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dentifying neuroaxonal damage and quantifying the in-

tensity of this process is a critical step in patient care be-

cause it may support diagnosis and help estimate the prog-
nosis of neurological conditions. In addition, it is essential for
the evaluation of drug candidates with disease-modifying
potential. Neurofilament light protein (NfL) is an abundant
cytoskeletal protein exclusively expressed by central and pe-
ripheral neurons. Elevated levels of NfL in cerebrospinal fluid
(CSF) were first reported in neurodegenerative conditions more
than 20 years ago,! sparking interest in the potential of this
neuron-specific protein as a biomarker. Since then, elevated
levels of NfL in CSF (cNfL) have been described in a number
of neurological and psychiatric conditions. The magnitude of
theincrease in inflammatory, degenerative, infectious, ische-
mic, and traumatic neurological conditions, as well as in psy-
chiatric disorders, varies between conditions and studies.
To date, cNfL levels have not been compared systematically
between neurological disorders, and patient numbers in indi-
vidual studies are often low. A positive association between
cNfL and age has been reported in healthy controls (HC)? but
was not systematically investigated in neurological condi-
tions and may alter the performance of this biomarker across
age categories. Together, these questions limit clinical imple-
mentation of cNfL. To compare cNfL levels between diagno-
ses, assess the association of age and sex with these vari-
ables, and evaluate the potential of cNfL level as a diagnostic
biomarker, we performed a systematic review and meta-
analysis on individual data collected from studies reporting

cNfL levels in diseases and controls.

Methods
Search Strategy

This systematic review and meta-analysis followed Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) reporting guidelines.? We searched PubMed for articles
published in English between January 1, 2006, and January 1,
2016, reporting cNfL levels (using the search terms neurofilament
light and cerebrospinal fluid) in neurological or psychiatric
conditions and/or in HC. Titles and abstracts were reviewed, and
relevant studies were selected. The quality of primary articles
was assessed using relevant criteria from the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines* and the QUADAS-2 guidelines.® All studies were

approved by local ethics committees.

Inclusion Criteria

Studies were included if lumbar cNfL was reported for neuro-
logical patients and/or HC and/or individuals with subjective
neurological or cognitive complaints and/or a psychiatric con-
dition and/or a systemic disease that may affect the central ner-
vous system (CNS). A reference method for the measurement
of cNfL is lacking to date. To limit between-cohort heteroge-
neity due to the measurement tool, we included only those
studies that used the same commercially available immuno-
assay (NF-light ELISA [enzyme-linked immunosorbent as-
say]; UmanDiagnostics) on the market since 2006. This assay
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Key Points

Question How do levels of neurofilament light in cerebrospinal
fluid (cNfL) compare between neurological conditions and with
healthy controls?

Findings Among 10 059 individuals in this systematic review and
meta-analysis, cNfL was elevated in most neurological conditions
compared with healthy controls, and the magnitude of the
increase varies extensively. Although cNfL overlaps between most
clinically similar conditions, its distribution did not overlap in
frontotemporal dementia and other dementias or in Parkinson
disease and atypical parkinsonian syndromes.

Meaning The cNfL is a marker of neuronal damage and may be
useful to differentiate some clinically similar conditions, such as
frontotemporal dementia from Alzheimer disease and Parkinson
disease from atypical parkinsonian syndromes.

was selected because it was used in a majority of publications
(71 of 112) since 2006 and was reported to be sensitive and
robust.®

Data Collection

We contacted the corresponding authors to request access to
individual-level cNfL, age at CSF sampling, sex, and diagno-
sis. An individual’s data were included only if all of those
variables were available. For patients with multiple sclerosis
(MS) and HIV-positive individuals, treatment status was
also collected.”® Information on study procedures was
extracted from the publication or requested from the corre-
sponding author.

Diagnostic Categories
Diagnosis was established by the original study authors ac-
cording to published criteria when applicable (Table 1). Infor-
mation about the clinical subtype of neurodegenerative con-
ditions was not retained, and all clinical subtypes of a condition
were pooled in a single diagnostic group. Stroke, cardiac ar-
rest, HIV infection, chronic inflammatory demyelinating poly-
radiculoneuropathy (CIDP), Guillain-Barré syndrome (GBS),
Cushing disease in remission, and optic neuritis (ON) were di-
agnosed according to clinical guidelines. Presymptomatic ge-
netic frontotemporal dementia (pgFTD), Huntington disease
(HD), and premanifest HD (pHD) were diagnosed by genetic
testing. The HIV-infected individuals with cognitive impair-
ment (iHIV) included individuals with mild neurocognitive im-
pairment and individuals with HIV-associated dementia.
Individuals with subjective neurological complaint (SNC)
or subjective cognitive decline (SCD) had complaints but no
objectifiable neurological condition after extensive workup.
Inflammatory neurological diseases (IND) were inflamma-
tory diseases of the CNS, excluding MS, clinically isolated syn-
drome (CIS), and ON. Noninflammatory neurological dis-
eases (NID) were any CNS disease that was not of inflammatory
nature. Mixed dementia (MD) was dementia of assumed mixed
pathology, and dementia not specified (DNS) was dementia of
uninvestigated origin. Healthy controls were individuals who
did not have neurological complaints or signs of a neurologi-
cal condition.
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Diagnostic Groups

We clustered a subset of frequent neurological conditions into
3 groups of clinically similar disorders. These included the fol-
lowing: (1) untreated relapsing-remitting MS (uURRMS), indi-
viduals with relapsing-remitting MS treated with disease-
modifying therapy (tRRMS), CIS, ON, primary progressive MS
(PPMS), secondary progressive MS (SPMS), and IND; (2) Alz-
heimer disease (AD), FTD, combined FTD and amyotrophic lat-
eral sclerosis (FTD/ALS), vascular dementia (VaD), dementia
with Lewy bodies (DLB), idiopathic normal-pressure hydro-
cephalus (iNPH), mild cognitive impairment of suspected AD
pathology (MCI), SCD, and iHIV; and (3) Parkinson disease (PD),
PD dementia (PDD), DLB, multiple system atrophy (MSA),
progressive supranuclear palsy (PSP), and corticobasal syn-
drome of suspected tau underlying pathology (CBS).

cNfL Measurement

The cNfL was measured at 17 different centers using the com-
mercially available kit (NF-light ELISA assay). The cNfL val-
ues were reported in picograms per milliliter or nanograms per
liter. A systematic error in the reported concentration of cNfL
was identified at 8 centers due to a misinterpretation of the
assay’s protocol. The protocol indicated to perform a 1:1 dilu-
tion of CSF before performing the assay. However, because this
dilution is included a priori in the value assignment of the stan-
dard curve, this initial dilution should not be corrected for at
calculation of the concentration. Raw NfL values obtained from
the 8 implicated centers were corrected for the systematic er-
ror (divided by 2).

Statistical Analysis

We performed an individual-level meta-analysis based on cNfL
measurements provided by the corresponding authors. Lin-
ear mixed-effects models were used to estimate the fixed ef-
fects of age, sex, and diagnosis on log-transformed NfL lev-
els, with cohort of origin modeled as a random intercept, using
the R packages “lme4” and “lmerTest” (R Project for Statisti-
cal Computing). Age was centered according to the mean. First,
we tested all 2-way and 3-way interaction terms between all
fixed effects, which were retained in the model when statis-
tically significant. No 2-way interaction of age and sex or 3-way
interaction of age, sex, and diagnosis on cNfL was observed,
and the best-fitting model included all fixed effects and inter-
action terms for diagnosis by age and diagnosis by sex. Next,
we used the R package “emmeans” to obtain marginalized
change folds and 95% CI cNfL and cNfL-age slope estimates
for all diagnoses and to perform post hoc pairwise compari-
sons between diagnoses in the mean cNfL levels and in the
strength of the associations between cNfL age, adjusting P val-
ues for multiple testing with the Tukey procedure. Finally, we
calculated point estimates of fold-change increases for each
diagnostic group compared with controls for specific ages. The
consequences of study variability on the results was assessed
using the intraclass correlation coefficient, which reflects the
proportion of variance that can be attributed to between-
study variation, for the total sample and per diagnostic group
(analyses for the latter were performed on models the in-
cluded the fixed effects of age and sex). Values higher than 0.60
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Table 1. Diagnostic Criteria Used by the Original Study Authors

Diagnosis Abbreviation

Multiple sclerosis and clinically MS and CIS
isolated syndrome

Diagnostic Criteria

McDonald criteria,®
2005 revisions, 1°
and 2010 revisions'?

Criteria by McKhann et a
and IWG-2 criteria®?

United Kingdom Parkinson
Disease Society Brain Bank
criteria’® and National
Institute of Neurological
Disorders and Stroke
criterial®

112

Alzheimer disease and mild AD and MCI

cognitive impairment
Parkinson disease PD

PDD Movement Disorder Task

Force'®

Parkinson disease dementia

Progressive supranuclear palsy PSP Criteria by Litvan et al'”

Multiple system atrophy MSA Criteria by Gilman et al'®
Corticobasal syndrome CBS Criteria by Lee et al,*®
criteria by Litvan et al,*”
and criteria
by Mathew et al2°
Dementia with Lewy bodies DLB Criteria by McKeith et al?*
Frontotemporal dementia FTD Criteria by Neary et al??
(including all clinical and The Lund and
subtypes) Manchester Groups?>
Amyotrophic lateral sclerosis ~ ALS Revised El Escorial criteria®*
Combined frontotemporal FTD/ALS
dementia and amyotrophic
lateral sclerosis
Vascular dementia VaD Criteria by Erkinjuntti et al?®
and National Institute of
Neurological Disorders
and Stroke
Idiopathic normal-pressure iNPH Criteria by Relkin et al?®
hydrocephalus
Bipolar disorder BD Diagnostic and Statistical
Manual of Mental Disorders
(Fourth Edition)
HIV positive with cognitive iHIV Global Deficit Score?”

impairment (including entire
spectrum of cognitive
impairment)

Abbreviation: IWG-2, International Working Group 2.

were considered to be indicative of substantial heteroge-
neity. The results were considered statistically significant when
they had an adjusted 2-sided P value below .05. All analyses
were performed in R version 3.4.2.

. |
Results

Data Set Characteristics, Population, and Demographics

The literature search resulted in 153 records. On the basis of
title and abstract, 112 publications were selected for full-text
review, and 44 data sets met our selection criteria and were
included in the meta-analysis. In addition, 3 data sets
unpublished at the time of data collection were provided by
study authors, resulting in a total of 47 data sets (Table 2 and
eFigure 1in the Supplement). Data were obtained for 10 059
individuals (mean [SD] age, 59.7 [18.8] years; 54.1% female),
and 35 diagnoses were identified, including control groups
(HC [n = 1332], SNC [n = 45], and SCD [n = 24] [eTable 1 in
the Supplement]), inflammatory diseases of the CNS (CIS,
ON, RRMS, SPMS, PPMS, and IND [n = 2795]) (eTable 1 in the
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Table 2. Data Sets Included in the Meta-analysis

Source

Contributed Diagnostic Categories
(No. of Individuals)

Diagnostic Criteria

Healthy Controls
Contributed, No.

Anckarsater et al,2® 2014
Axelsson et al,2° 2014

Bickstrom et al,° 2015

Bjerke et al,>! 2011

Bjerke et al,2 2014
and Jonsson et al,3 2012

Bruno et al, 342012
Burman et al, 3> 2014

Fialovd et al,® 2013
Fialovd et al,37 2017
Gunnarsson et al,>® 2011

Hall et al,° 2012
and Hall et al,*° 2015

Herbert et al,** 2015

Hjalmarsson et al,*? 2014

Jakobsson et al,*> 2014
and Rolstad et al,*4 2015

Jeppsson et al,*> 2013
Jessen Krut et al,*® 2014

Khademi et al,2 2013 Aeinehband
etal,*” 2015, and unpublished

data
Khalil et al,*8 2013

Kuhle et al,*° 2013

Kuhle et al,>° 2013
Kuhle et al,>* 2015

Magdalinou et al,>2 2015
and unpublished data

Martinez et al,>> 2015
and unpublished data

Martinez et al unpublished data

Martinez et al unpublished data

Meeter et al,”* 2016

None
SPMS (n = 30), PPMS (n = 5)
PD (n = 99), MSA (n = 11), PSP (n = 12)

AD (n = 30), VaD (n = 26)

MCI (n = 31)

None

RRMS (n = 43), SPMS (n = 20), National
Institute of Neurological Disorders and Stroke
(n=7),SNC(n=6)

CIS (n = 32), RRMS (n = 18)
AD (n = 25), DNS (n = 13), IND (n = 17)
RRMS (n = 92)

AD (n = 48), PD (n = 196), PDD (n = 56),
PSP (n = 53), MSA (n = 67), CBS (n = 15),
DLB (n = 69)

PD (n = 64), MSA (n = 50)

Stroke (n = 20)
BD (n =133)

iNPH (n = 27)
iHIV (n = 13)

CIS (n = 203), RRMS (n = 682),
IND (n = 387), National Institute of
Neurological Disorders and Stroke (n = 370)

CIS (n = 47), NID (n = 15)

CIS (n = 62), RRMS (n = 38), SPMS (n = 25),
PPMS (n = 23)

RRMS (n = 30)
RRMS (n = 36)

AD (n = 26), CBS (n = 16), FTD (n = 16),
MSA (n = 30), PD (n = 10), PSP (n = 29)

PPMS (n = 17), SPMS (n = 6),
RRMS (n = 192), CIS (n = 109)

CIS (n = 51), RRMS (n = 46)

NID (n = 6), IND (n = 2), stroke (n = 4),
GBS(n=1),0N(n=1)

pgFTD (n = 42), FTD (n = 90)

NA
McDonald criteria 2010 revisions'*

PD: United Kingdom Parkinson Disease Society
Brain Bank criterial#

MSA: Criteria by Gilman et al'®
PSP: Criteria by Litvan et al*”

AD: Criteria by McKhann et al'?
VaD: Criteria by Erkinjuntti et al?°
Criteria by McKhann et al?

NA

McDonald criteria 2010 revisions'*

McDonald criteria 2005 revisions®
AD: Criteria by McKhann et al*2
McDonald criteria 2010 revisions**
AD: Criteria by McKhann et al?

PD: National Institute of Neurological Disorders

and Stroke criteria®®

PDD: Movement Disorder Task Force'®
MSA: Criteria by Gilman et al*®

PSP and CBS: Criteria by Litvan et al*”
DLB: Criteria by McKeith et al?*

CBS: Criteria by Mathew et al?°

PD: United Kingdom Parkinson Disease Society
Brain Bank criteria'#

MSA: Criteria by Gilman et al'®

Clinical

Diagnostic and Statistical Manual of Mental Disorders

(Fourth Edition)
Criteria by Relkin et al2®

Global Deficit Score?”

McDonald criteria®

McDonald criteria 2010 revisions'*

McDonald criteria 2005 revisions*®

McDonald criteria 2005 revisions™®
McDonald criteria 2005 revisions'®

AD: Criteria by McKhann et al*?

CBS: Criteria by Mathew et al®

FTD: The Lund and Manchester Groups?3
MSA: Criteria by Gilman et al'®

PD: United Kingdom Parkinson Disease Society
Brain Bank criterial®

PSP: Criteria by Litvan et al*”

McDonald criteria®

McDonald criteria®

Clinical

Not specified

34
14
30

30

15

19

24
25

150

70

20

20
152
30

72

28

49
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Table 2. Data Sets Included in the Meta-analysis (continued)

Contributed Diagnostic Categories Healthy Controls
Source (No. of Individuals) Diagnostic Criteria Contributed, No.
Menke et al,>> 2015 ALS (n = 38) Revised El Escorial criteria®* 20
and Lu et al,>® 2015
Modvig et al,®” 2013 ON (n = 56) Clinical 27
and Modvig et al,>® 2016
Modvig et al,*® 2015 ON (n = 85) Clinical 0
Paterson et al,®° 2015 AD (n = 94) IWG-2 criterial? 30
Pérez-Santiago et al,®* 2016 iHIV (n = 14), HIV (n = 14) Global Deficit Score?” 0
Pijnenburg et al,®? 2015 FTD/ALS (n = 26), FTD (n = 4), AD (n = 25),  ALS: Revised El Escorial criteria®* 0
SCD (n = 24) .
AD: Criteria by McKhann et al*?
Neuropathological confirmation (11 of 25 for AD,
15 of 23 for FTD)
Genetic confirmation (12 of 23 for FTD)
Pyykko et al,®3 2014 iNPH (n = 29), MD (n = 3), AD (n = 8) AD: Criteria by McKhann et al*? 0
iNPH: Clinical
Ragnarsson et al,®4 2013 Cushing disease (n = 12) Clinical 6
Romme Christensen et al,®> 2014  PPMS (n = 12), SPMS (n = 12) McDonald criteria 2005 revisions'® 0
Rosén et al,®¢ 2014 Cardiac arrest (n = 21) Clinical 20
Sandberg et al,%” 2016 RRMS (n = 97), SPMS (n = 44), PPMS (n = 12) McDonald criteria 2010 revisions* 0
Scherling et al,®® 2014 FTD (n = 83), PSP (n = 23), CBS (n = 16), FTD: Criteria by Neary et al>2 54
PD (n = 6), AD (n = 45) P L
PSP: Criteria by Litvan et al*”
AD: Criteria by McKhann et al*?
CBS: Criteria by Lee et al*®
Skillbick et al,®° 2014 AD (n = 1417), PDD (n = 45), FTD (n = 146),  AD: IWG-2 criteria®? 107
LBD (n = 114), MD (n = 517), VaD (n = 465), . L L.
DNS (n = 545) DNS: International Statistical Classification
of Diseases, 10th Revision
PDD: Movement Disorder Task Force'®
FTD: The Lund and Manchester Groups?3
DLB: Criteria by McKeith et al?*
VaD: National Institute of Neurological Disorders
and Stroke
Stilund et al,”® 2015 RRMS (n = 44), PPMS (n = 15), CIS (n = 27),  McDonald criteria 2010 revisions* 0
SNC (n = 39)
Tortelli et al,”* 2015 CIDP (n = 25), ALS (n = 37), MCI (n = 3), ALS: Revised El Escorial criteria®* 0
and Tortelli et al,”2 2012 AD (n = 15), MSA (n = 1), CBS (n = 2), —
NID (n = 5) CIDP: Clinical
AD and MCI: Criteria by McKhann et al'?
CBS: Criteria by Lee et al*®
MSA: Criteria by Gilman et al'®
Tortorella et al,”> 2015 CIS (n =21) McDonald criteria 2005 revisions*® 0
Trentini et al,’4 2014 PPMS (n = 21), SPMS (n = 10), McDonald criteria® 0
National Institute of Neurological Disorders
and Stroke (n = 15)
Vagberg et al,”® 2015 None NA 53
Villar et al,”® 2015 RRMS (n = 98), CIS (n = 29) McDonald criteria 2010 revisions** 37
Wild et al,”” 2015 HD (n = 30), pHD (n = 13) Genetic testing 14
Zetterberg et al,”® 2016 MCI (n = 193), AD (n = 95) Criteria by McKhann et al*? 111

Abbreviations: AD, Alzheimer disease; ALS, amyotrophic lateral sclerosis;

BD, bipolar disorder; CBS, corticobasal syndrome; CIDP, chronic inflammatory
demyelinating polyradiculopathy; CIS, clinically isolated syndrome;

DLB, dementia with Lewy bodies; DNS, dementia not specified;

FTD, frontotemporal dementia; FTD/ALS, combined frontotemporal dementia
and amyotrophic lateral sclerosis; GBS, Guillain-Barré syndrome;

HD, Huntington disease; iHIV, HIV positive with cognitive impairment;

IND, inflammatory neurological disorders other than multiple sclerosis;

iNPH, idiopathic normal-pressure hydrocephalus; IWG-2, International Working

Group 2; MCl, mild cognitive impairment; MD, mixed dementia; MSA, multiple
system atrophy; NA, not applicable; NID, noninflammatory neurological
disorders; ON, optic neuritis; PD, Parkinson disease; PDD, Parkinson disease
dementia; pgFTD, presymptomatic genetic frontotemporal dementia;

pHD, premanifest Huntington disease; PPMS, primary progressive multiple
sclerosis; PSP, progressive supranuclear palsy; SCD, subjective cognitive decline;
SNC, subjective neurological complaint; SPMS, secondary progressive multiple
sclerosis; RRMS, relapsing-remitting multiple sclerosis; VaD, vascular dementia.
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Supplement), dementias and predementia stages (MCI, AD,
pgFTD, FTD, VaD, DLB, iNPH, DNS, MD, pHD, HD, iHIV, and
FTD/ALS [n = 4339]) (eTable 1 in the Supplement), and par-
kinsonian syndromes (PD, PDD, MSA, PSP, CBS, and DLB
[n = 984]) (eTable 1 in the Supplement). Three diagnostic
categories were excluded from the statistical models
because they had fewer than 5 observations per sex (Cushing
disease, cardiac arrest, and HIV), resulting in 32 diagnostic
categories and 10 012 individuals included in the analysis.

cNfL Distribution Across Diagnoses

We first examined the distribution of cNfL across diagnostic
categories (Figure 1). The cNfL was increased compared with
HC in most neurological conditions (Figure 1A). The fold
changes compared with HC varied extensively between indi-
vidual conditions, with the largest effect sizes observed in iHIV
(21.36; 95% CI, 9.86-46.30), FTD/ALS (10.48; 95% CI, 4.85-
22.67), ALS (7.58; 95% CI, 4.49-12.81), and HD (5.88; 95% CI,
2.43-14.27) (Figure 1B; eTable 2 in the Supplement).

Association of cNfL With Age and Sex

In HC, we observed a yearly increase of 3.30% (95% CI, 2.98%-
3.62%) in cNfL levels (eTable 2 in the Supplement). A positive
association between cNfL and age was also observed in indi-
viduals with subjective complaints, BD, and in most neurode-
generative conditions (eTable 2 in the Supplement). In MS, iHIV,
and rapidly progressive neurodegenerative conditions (FTD,
ALS, FTD/ALS, MSA, PSP, CBS, and HD), no such association
was observed (eTable 2 in the Supplement). In HC, cNfL was
higher in men (26.0%, 95% CI, 16.0%-37.0%) (eTable 3 in the
Supplement). This was also the case in a minority of neuro-
logical conditions, including MS, AD, VaD, and PD (eTable 3 in
the Supplement).

cNfL Levels Within 3 Groups of Clinically Similar Disorders

We next compared cNfL between neurological conditions
within 3 groups of clinically similar disorders. In inflamma-
tory conditions of the CNS, the mean cNfL levels were similar
in ON, CIS, and MS subtypes (eTable 4A in the Supplement).
The association between cNfL and age was positive in ON, CIS,
and IND but was negative in uRRMS (Figure 2A; eFigure 2 and
eTable 2 in the Supplement). The ratio of cNfL between ON and
CIS, ON and IND, and CIS and IND remained stable across the
age range of the study, while the ratio between uRRMS and CIS
decreased with increasing age (eTable 5A in the Supple-
ment). No association between cNfL and age was observed in
tRRMS and PPMS (Figure 2A and eTable 4 in the Supple-
ment). The ratio of cNfL between uRRMS and tRRMS and be-
tween uRRMS and PPMS remained stable across the age range
of the study (eTable 5B in the Supplement). No association be-
tween cNfL and age was observed in SPMS (Figure 2A; and
eTable 2 in the Supplement). Although cNfL levels tended to
be higher in young uRRMS compared with age-correspond-
ing SPMS, this did not reach statistical significance (eTable 5C
in the Supplement). In dementias and related disorders, the
mean cNfL levels were statistically significantly higher in FTD
compared with other causes of dementia, such as AD (2.08;
95% CI, 1.72-2.56 [eTable 4B in the Supplement]), VaD (1.56;
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95% CI, 1.25-1.96 [eTable 4B in the Supplement]), and DLB
(2.50; 95% CI, 1.89-3.33 [eTable 4B in the Supplement]). An as-
sociation of cNfL with age was positive in AD, VaD, and DLB
but was absent in FTD (Figure 2B; eFigure 2B and eTable 4B
in the Supplement). The ratio of cNfL between AD and FTD in-
creased with age; in individuals 90 years and older, the dis-
tribution of cNfL in both conditions overlapped (eTable 5D in
the Supplement). An association between cNfL and age was
absent in FTD and FTD/ALS, while it was present in pgFTD
(eFigure 2 and eTable 2 in the Supplement). A positive asso-
ciation with age was observed in AD, MCI, and SCD (Figure 2B;
eTable 2 in the Supplement), and the ratio of cNfL. between AD
and MCIremained stable across the age range (eTable 5E in the
Supplement). In parkinsonian syndromes, the mean cNfL lev-
els did not differ between PD and PDD and between PDD and
DLB, while they were higher in MSA, PSP, and CBS compared
with PD (eTable 4C in the Supplement). In MSA, PSP, and CBS,
no association with age was observed, while a positive asso-
ciation was found in PD, PDD, and DLB (Figure 2C and eTable 2
in the Supplement). The ratio of cNfL between MSA and PD,
PSP and PD, and CBS and PD decreased with age but re-
mained high across the age range of the study (Figure 2C and
eTable 5G in the Supplement).

Assessment of Cohort Heterogeneity

In this meta-analysis, we pooled individual patient data origi-
nating from 42 different data sets. To estimate the proportion
of the total variance of cNfL accounted for by the data set
(cohort) of origin, we calculated the intraclass coefficient for
cohort-related random intercepts. Across the total sample
(n = 10 012), the intraclass coefficient was low at 0.15. Like-
wise, in a majority of diagnostic categories, the intraclass co-
efficient was low to moderate (<0.60). However, in 7 of the 32
diagnostic categories (MD, DNS, PDD, DLB, NID, iHIV, and
stroke), the intraclass coefficients were high (>0.60), indicat-
ing that a large proportion of the variance in cNfL was due to
the data set of origin (eTable 6 in the Supplement).

|
Discussion

In this meta-analysis that included 10 012 individuals, we found
that cNfL was increased compared with HC in most neurologi-
cal conditions studied. The largest effect sizes were observed
in iHIV, FTD/ALS, ALS, and HD, while the effect sizes in in-
flammatory conditions of the CNS were low. Other neurologi-
cal disorders showed much subtler increases that failed to reach
statistical significance (PD and CIDP/GBS). However, the ef-
fect sizes in these conditions were positive, and larger sample
sizes may allow for more robust estimates. In HC, we ob-
served a positive association between cNfL and age. A posi-
tive association, albeit weaker, was also present in a majority
of neurological conditions. An association with sex was ab-
sent in most diagnostic categories except for HC, PPMS, AD,
VaD, and PD, where levels were higher in men. In clinically simi-
lar disorders, the distribution of cNfL relative to age mostly
overlapped, suggesting limited use for differential diagnosis.
Exceptions were FTD, which segregated from other common
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Figure 1. Neurofilament Light in Cerebrospinal Fluid (cNfL) Levels Across Diagnostic Categories
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A, Levels of cNfL are shown corrected for age and sex. B, Estimated fold
changes are compared with healthy controls (HC). AD indicates Alzheimer
disease; ALS, amyotrophic lateral sclerosis; BD, bipolar disorder;

CBS, corticobasal syndrome; CIDP/GBS, chronic inflammatory demyelinating
polyradiculopathy and Guillain-Barré syndrome; CIS, clinically isolated
syndrome; DLB, dementia with Lewy bodies; DNS, dementia not specified;

FTD, frontotemporal dementia; FTD/ALS, combined frontotemporal dementia
and amyotrophic lateral sclerosis; HD, Huntington disease; iHIV, HIV positive
with cognitive impairment; IND, inflammatory neurological disorders other than
multiple sclerosis; iINPH, idiopathic normal-pressure hydrocephalus; MCI, mild

cognitive impairment; MD, mixed dementia; MSA, multiple system atrophy;
NID, noninflammatory neurological disorders; ON, optic neuritis; PD, Parkinson
disease; PDD, Parkinson disease dementia; pgFTD, presymptomatic genetic
frontotemporal dementia; pHD, premanifest Huntington disease;

PPMS, primary progressive multiple sclerosis; PSP, progressive supranuclear
palsy; SCD, subjective cognitive decline; SNC, subjective neurological complaint;
SPMS, secondary progressive multiple sclerosis; tRRMS, treated
relapsing-remitting multiple sclerosis; URRMS, untreated relapsing-remitting
multiple sclerosis; and VaD, vascular dementia.

causes of dementia (including AD and VaD), and PD, which seg-
regated from atypical parkinsonian syndromes. These data in-
dicate that cNfL may contribute to the differentiation of these
conditions, particularly in younger individuals.
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cNfL and Age

In about two-thirds of the diagnoses, including HC, we ob-
served a positive association between cNfL and age. In the con-
trol groups (HC, SNC, and SCD), as well as in pgFTD and BD,
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Figure 2. Neurofilament Light in Cerebrospinal Fluid (cNfL) in Neurological Conditions According to Age
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A-C, Log cNfL values are shown according to age across diagnoses. Shading
around regression lines represents standard errors. AD indicates Alzheimer
disease; CBS, corticobasal syndrome; CIS, clinically isolated syndrome;

DLB, dementia with Lewy bodies; FTD, frontotemporal dementia; HC, healthy
controls; iHIV, HIV positive with cognitive impairment; MSA, multiple system

atrophy; PD, Parkinson disease; PDD, Parkinson disease dementia;

PPMS, primary progressive multiple sclerosis; PSP, progressive supranuclear
palsy; SPMS, secondary progressive multiple sclerosis; tRRMS, treated
relapsing-remitting multiple sclerosis; uRRMS, untreated relapsing-remitting
multiple sclerosis; and VaD, vascular dementia.

the association of cNfL with age was strongest. This positive
association in diagnostic categories without an overt neuro-
logical condition may reflect a decrease in CSF clearance with
age, the presence of a preclinical age-related neurological
condition, or age-related neuronal loss.”® The association of
cNfL with age in HC implies that age-specific reference val-
ues may be needed and that the diagnostic potential of cNfL
may decrease with age. In neurological conditions with sub-
stantially elevated levels of cNfL, such as FTD, ALS, FTD/ALS,
HD, and iHIV, as well as in atypical parkinsonian syndromes,
no association with age was observed, suggesting that neuro-
pathological processes may cause plateau levels or mask age
associations. In MS, an association with age was absent or nega-
tive, which may reflect the observation that younger patients
with MS have more active diseases.?

cNfL and Sex

In a minority of diagnoses, including HC, cNfL was higher in
men than women. The clinical relevance of these findings is
uncertain, but the results suggest that sex-specific reference
values may be needed.

Other Determinants of cNfL Levels

Age, sex, and the random (cohort) association explained 46%
of the variance of cNfL in the best-fitting model, indicating that
many determinants of cNfL remain to be identified. Disease
duration and severity could influence cNfL levels. However,
these data were not available in the data sets that were in-
cluded in this meta-analysis, and studies designed specifi-

JAMA Neurology September 2019 Volume 76, Number 9

cally to evaluate the association of these variables and others
(eg, smoking, physical activity, and body size) are ongoing.

cNfL in Inflammatory Conditions of the CNS, Including MS
The cNfL was increased in all inflammatory conditions of the CNS
examined in this meta-analysis, but the effect sizes were small.
The distribution of ¢cNfL in CIS, ON, and RRMS overlapped, which
may be expected because CIS and a proportion of ON are initial
manifestations of RRMS. Neurodegeneration has a central role
in MS, contributing to disease progression and long-term
disability.®° Poor understanding of the processes driving neuro-
degeneration, together with the lack of biomarkers allowing dy-
namic measurement of its rate, hampers the development of
specific treatments.®! The cNfL has been reported to correlate
with brain atrophy,”®-%? which is considered a marker of
neurodegeneration.®>#4 We found that levels of cNfL did not dif-
fer statistically significantly between RRMS, PPMS, and SPMS,
indicating that on a population level cNfL may not differentiate
acuteinflammation-induced neuronal damage in the context of
relapses from progressive neurodegeneration if the consequences
of recent relapses or novel lesion formation are not considered.
In individual patients, cNfL has been reported to reflect acute
neuronal and axonal damage in MS, with levels transiently in-
creasing during relapse.®>-%” We found that cNfLlevels in uRRMS
and tRRMS did not differ statistically significantly. However, pa-
tients with the most active RRMS with potentially highest cNfL
levels are also those who are most likely to be treated, and cNfL
hasbeen reported to decrease after treatment initiation in indi-
vidual patients.38>0->1
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cNfL in Dementia and ALS

The higher levels of cNfL observed in FTD compared with other
frequent causes of dementias, including AD, VaD and DLB, may
berelated to the anatomical location of neurodegeneration or
therate of neuronal death. This finding suggests that cNfL may
support the differentiation of FTD from other dementias, in
line with a recent study®® not included in this meta-analysis,
which reported that in combination with YKL40 and AB42 cNfL
assists in the differentiation between FTD and AD with high
accuracy. IniHIV, which included both mild cognitive impair-
ment due to HIV and HIV-associated dementia, we observed
highest levels of cNfL, setting it apart from neurodegenera-
tive and vascular causes of dementia. This may reflect a high
rate of neuroaxonal damage due to the presence of HIV and
the inflammatory response to it in the CNS, or it may indicate
additional peripheral nervous system damage contributing to
the elevation of cNfL. In predementia stages, such as MCI and
pgFTD, cNfL values were similar to levels in HC, suggesting that
CNS damage must reach a certain extent before it is reflected
by increased cNfL. However, the pgFTD cohort was small
(n = 42); therefore, a small effect size could have been missed.
The cNfL levels were highly elevated in ALS and FTD/ALS com-
pared with HC. These results are in line with single-center stud-
ies not included in this meta-analysis that used different as-
says to measure NfL in CSF.%° Together with the high levels of
cNfL observed in stroke, these findings indicate that the rate
of neuroaxonal damage may be an important determinant of
the magnitude of NfL increase in CSF, possibly by overriding
CSF clearance mechanisms.

cNfL in Degenerative Parkinsonian Syndromes

In degenerative parkinsonian syndromes, cNfL clustered into 2
groups. The first group consisted of PD, PDD, and DLB, in which
cNfL levels were similar to those in HC, and the second group con-
sisted of atypical parkinsonian syndromes MSA, PSP, and CBS,
with elevated levels of cNfL compared with HC and the absence
of association with age. This finding is in line with the results of
another meta-analysis®° that focused on parkinsonian disorders,
examining data sets not included in the present meta-analysis,
further underscoring the robustness of our findings. These data
have important clinical implications because they suggest a po-
tential for cNfL in supporting the differentiation of PD from atypi-
cal parkinsonian syndromes. Accurate and early differential di-
agnosis of these conditions is crucial because their prognosis and
management differ substantially.

Serum NfL

A few years ago, an ultrasensitive assay was developed that al-
lows measurement of NfL in serum (sNfL). This assay uses the
same antibody pair as the immunoassay used in the studies
included in this meta-analysis, and studies®+2 have re-
ported high correlations between serum and CSF levels. These
findings indicate that sSNfL may replace cNfL. In addition, it may
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likely be that the findings of the present meta-analysis, which
collected data over 10 years, can be readily translated to sNfL.

Limitations of the Study

Our systematic review and meta-analysis has some limitations.
In all studies included in the meta-analysis except one,* diag-
nosis was based on clinical criteria. This limitation is mostly a con-
cern for dementias and parkinsonian syndromes, for which
definitive diagnosis requires postmortem examination. However,
the agreement between clinical and pathological diagnoses was
reported to be high when diagnoses were established in special-
ized centers using consensus criteria.®*°> For AD and MCI, 2 con-
sensus criteria were applied (criteria by McKhann et al'? and the
International Working Group 2 [TWG-2] criteria'®), for which a
high concordance rate was reported.®® For VaD, the 2 consensus
diagnostic criteria used (criteria by Erkinjuntti et al*®> and the
National Institute of Neurological Disorders and Stroke criteria)
were also reported to have a high agreement.®” For PD, 2 consen-
sus criteria were applied, for which concordance evaluation is
not available. For ALS, FTD, PSP, MSA, PDD, DLB, and iHIV, the
same consensus criteria were applied in all studies. In MS, the
McDonald criteria were revised over time, and this may have in-
fluenced classification of RRMS and CIS. A further limitation is
the inability to capture dementia of multifactorial origin, which
may have increased heterogeneity in the dementia diagnostic cat-
egories and blurred the difference in cNfL distributions between
dementia subtypes. Further classification of neurodegenerative
conditions into clinical phenotypes could not be performed be-
cause this information was absent in a majority of studies. There-
fore, the specific value of cNfL in subphenotypes could have been
missed in this meta-analysis. In addition, for some conditions,
data and age ranges were limited, resulting in large standard er-
rors and low statistical power, and conclusions for these condi-
tions should be interpreted with caution. Finally, we included
only those studies that used a specificimmunoassay for cNfL in
an attempt to reduce heterogeneity due to the analytical proce-
dure. However, the range of conditions that were explored in the
studies not included in the meta-analysis for the same reason did
not differ from those included.

. |
Conclusions

Our study was designed to compare cNfL levels across neurologi-
cal conditions and controls, assess the association of age and sex
with these variables, and evaluate the potential of cNfL to dif-
ferentiate clinically similar conditions. Our meta-analysis found
that cNfL was elevated in a majority of the neurological condi-
tions included in this study. Although cNfL overlapped between
most clinically similar conditions, its distribution did not over-
lap in FTD compared with other dementia subtypes or in PD com-
pared with atypical parkinsonian syndromes, indicating clinical
potential in differentiating these conditions.

Medical Centre, Neuroscience Campus Amsterdam,
Amsterdam, the Netherlands (Bridel, Teunissen);
Department of Epidemiology and Biostatistics,

VU University Medical Centre, Amsterdam, the

JAMA Neurology September 2019 Volume 76, Number 9

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 12/28/2020


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2019.1534&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534

1044

Research Original Investigation

Netherlands (van Wieringen); Department of
Mathematics, VU University, Amsterdam, the
Netherlands (van Wieringen); Department of
Neurology and Alzheimer Centre, VU University
Medical Centre, Neuroscience Campus Amsterdam,
Amsterdam, the Netherlands (Tijms); Clinical
Neurochemistry Laboratory, Sahlgrenska University
Hospital, MéIndal, Sweden (Zetterberg); Institute of
Neuroscience and Physiology, Department of
Psychiatry and Neurochemistry, Sahlgrenska
Academy at the University of Gothenburg,
Gothenburg, Sweden (Zetterberg); Department of
Molecular Neuroscience, UCL Institute of
Neurology, Queen Square, London, United
Kingdom (Zetterberg); Dementia Research Institute
at UCL, London, United Kingdom (Zetterberg).

The NFL Group includes José C. Alvarez-Cermefio,
MD; UIf Andreasson, MD, PhD; Markus Axelsson,
MD, PhD; David C. Backstrom, MD, PhD; Ales
Bartos, MD, PhD; Maria Bjerke, PhD; Kaj Blennow,
MD, PhD; Adam Boxer, MD, PhD; Lou Brundin, MD,
PhD; Joachim Burman, MD, PhD; Tove Christensen,
DrMedSci, PhD; Lenka Fialova, MD, PhD; Lars
Forsgren, MD, PhD; Jette L. Frederiksen, MD, PhD;
Magnus Gisslén, MD, PhD; Elizabeth Gray, MD, PhD;
Martin Gunnarsson, MD, PhD; Sara Hall, MD, PhD;
Oskar Hansson, MD, PhD; Megan K. Herbert, PhD;
Joel Jakobsson, MD, PhD; Jan Jessen-Krut, MD,
PhD; Shorena Janelidze, MD, PhD; Gudmundur
Johannsson, MD, PhD; Michael Jonsson, MD, PhD;
Ludwig Kappos, MD, PhD; Mohsen Khademi, MD,
PhD; Michael Khalil, MD, PhD; Jens Kuhle, MD, PhD;
Mikael Landén, MD, PhD; Ville Leinonen, MD, PhD;
Giancarlo Logroscino, MD, PhD; Ching-Hua Lu, MD,
PhD; Jan Lycke, MD, PhD; Nadia K. Magdalinou, MD,
PhD; Andrea Malaspina, MD, PhD; Niklas Mattsson,
MD, PhD; Lieke H. Meeter, MD, PhD; Sanjay R.
Mehta, MD, PhD; Signe Modvig, MD, PhD; Tomas
Olsson, MD, PhD; Ross W. Paterson, MD, PhD;
Josué Pérez-Santiago, MD, PhD; Fredrik Piehl, MD,
PhD; Yolande A. L. Pijnenburg, MD, PhD; Okko T.
Pyykkd, MD, PhD; Oskar Ragnarsson, MD, PhD;
Julio C. Rojas, MD, PhD; Jeppe Romme Christensen,
MD, PhD; Linda Sandberg, MD; Carole S. Scherling,
PhD; Jonathan M. Schott, MD, PhD; Finn T.
Sellebjerg, MD, PhD; Isabella L. Simone, MD, PhD;
Tobias Skillback, MD, PhD; Morten Stilund, MD,
PhD; Peter Sundstrom, MD, PhD; Anders
Svenningsson, MD, PhD; Rosanna Tortelli, MD, PhD;
Carla Tortorella, MD, PhD; Alessandro Trentini, MD,
PhD; Maria Troiano, MD, PhD; Martin R. Turner, MD,
PhD; John C. van Swieten, MD, PhD; Mattias
Vagberg, MD, PhD; Marcel M. Verbeek, MD, PhD;
Luisa M. Villar, MD, PhD; Pieter Jelle Visser, MD,
PhD; Anders Wallin, MD, PhD; Andreas Weiss, PhD;
Carsten Wikkelsg, MD, PhD; Edward J. Wild, MD.

Affiliations of The NFL Group: Department of
Neurology and Alzheimer Centre, VU University
Medical Centre, Neuroscience Campus Amsterdam,
Amsterdam, the Netherlands (Pijnenburg, Visser);
Multiple Sclerosis Unit, Ramon y Cajal University
Hospital, Madrid, Spain (Alvarez-Cermefio); Clinical
Neurochemistry Laboratory, Sahlgrenska University
Hospital, M6Indal, Sweden (Andreasson, Blennow);
Institute of Neuroscience and Physiology,
Department of Psychiatry and Neurochemistry,
Sahlgrenska Academy at the University of
Gothenburg, Gothenburg, Sweden (Axelsson,
Blennow, Jakobsson, Jonsson, Landén, Lycke,
Skillbdck, Wallin, Wikkelsg); Department of
Pharmacology and Clinical Neuroscience, Umea
University, Umea, Sweden (Backstrom, Forsgren,
Sandberg, Sundstrom, Vagberg); Third Faculty of

Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology

Medicine, Department of Neurology, Charles
University and General University Hospital, Prague,
Czech Republic (Bartos); National Institute of
Mental Health, Klecany, Czech Republic (Bartos);
Department of Biomedical Sciences, Reference
Centre for Biological Markers of Dementia
(BIODEM), Institute Born Bunge, University of
Antwerp, Antwerp, Belgium (Bjerke); Memory and
Aging Center, Department of Neurology, University
of California, San Francisco (Boxer, Rojas);
Neuroimmunology Unit, Department of Clinical
Neurosciences, Karolinska Institutet, Stockholm,
Sweden (Brundin, Khademi, Olsson, Piehl);
Department of Neurology, Karolinska University
Hospital Stockholm, Sweden (Brundin, Khademi,
Olsson, Piehl); Department of Neuroscience,
Uppsala University, Uppsala, Sweden (Burman);
Department of Biomedicine, Aarhus University,
Aarhus, Denmark (Christensen, Stilund); First
Faculty of Medicine, Institute of Medical
Biochemistry, Prague, Czech Republic (Fialova);
Laboratory Diagnostics, Charles University and
General University Hospital, Prague, Czech Republic
(Fialovd); Department of Neurology, Copenhagen
University Hospital, Rigshospitalet, Copenhagen,
Denmark (Frederiksen, Romme Christensen,
Sellebjerg); Department of Infectious Diseases,
Sahlgrenska Academy, University of Gothenburg,
Gothenburg, Sweden (Gisslén, Jessen-Krut);
Nuffield Department of Clinical Neurosciences,
University of Oxford, Oxford, United Kingdom
(Gray, Turner); Department of Neurology, Faculty
of Medicine and Health, Orebro University Hospital,
Orebro, Sweden (Gunnarsson, Ragnarsson); Clinical
Memory Research Unit, Department of Clinical
Sciences, Faculty of Medicine, Lund University,
Lund, Sweden (Hall, Hansson, Janelidze, Mattsson);
Wallenberg Center for Molecular Medicine, Lund
University, Lund, Sweden (Hall, Hansson, Janelidze,
Mattsson); Department of Internal Medicine and
Clinical Nutrition, Institute of Medicine, Sahlgrenska
Academy at the University of Gothenburg (Herbert,
Johannsson); Department of Endocrinology,
Sahlgrenska University Hospital, Gothenburg,
Sweden (Herbert, Johannsson); Department of
Medicine, University Hospital and University of
Basel, Basel, Switzerland (Kappos, Kuhle);
Department of Neurology, Medical University of
Graz, Graz, Austria (Khalil); Institute of Clinical
Medicine, Neurosurgery, University of Eastern
Finland, Kuopio (Leinonen, Pyykkd); Department of
Neurosurgery, Kuopio University Hospital, Kuopio,
Finland (Leinonen, Pyykkd); Unit of
Neurodegenerative Diseases, Department of
Clinical Research in Neurology, University of Bari,
Bari, Italy (Logroscino, Tortelli); North-East London
and Essex MND Care Centre, Neuroscience and
Trauma Centre, Blizard, United Kingdom (Lu,
Malaspina); Department of Neurology, China
Medical University Hospital, Taichung City, Taiwan
(Lu); Reta Lila Weston Institute of Neurological
Studies, UCL Institute of Neurology, Queen Square,
London, United Kingdom (Magdalinou); Institute of
Cell and Molecular Medicine, Barts, United
Kingdom (Malaspina); London School of Medicine
and Dentistry, Barts, United Kingdom (Malaspina);
Barts Health NHS Trust, Barts, United Kingdom
(Malaspina); Alzheimer Centre and Department of
Neurology, Erasmus Medical Centre, Rotterdam,
the Netherlands (Meeter, van Swieten);
Department of Clinical Genetics, VU University
Medical Centre, Amsterdam, the Netherlands
(Meeter); Division of Infectious Diseases, University

JAMA Neurology September 2019 Volume 76, Number 9

of California, San Diego (Mehta); Department of
Clinical Immunology, Copenhagen University
Hospital, Righospitalet, Copenhagen, Denmark
(Modvig); Dementia Research Centre, UCL Institute
of Neurology, Queen Square, London, United
Kingdom (Paterson, Schott); Puerto Rico OMICS
Centre, University of Puerto Rico Comprehensive
Cancer Centre, San Juan (Pérez-Santiago);
Department of Psychological Science and
Neuroscience Program, Belmont University,
Nashville, Tennessee (Scherling); Department of
Basic Medical Sciences, Neurosciences and Sense
Organs, University of Bari, Bari, Italy (Simone,
Tortorella, Troiano); San Camillo Forlanini Hospital,
Rome, Italy (Simone); Department of Clinical
Sciences, Karolinska Institutet, Danderyd Hospital,
Stockholm, Sweden (Svenningsson); Pia
Fondazione Cardinale G. Panico, Tricase, Lecce, Italy
(Tortelli); Department of Biomedical and Specialist
Surgical Sciences, University of Ferrara, Ferrara,
Italy (Trentini); Radboud University Medical Centre,
Donders Institute for Brain, Cognition, and
Behaviour, Department of Neurology, Nijmegen,
the Netherlands (Verbeek); Department of
Laboratory Medicine, Radboud Alzheimer Centre,
Nijmegen, the Netherlands (Verbeek); Immunology
Department, Ramon y Cajal University Hospital,
Madrid, Spain (Villar); Department of Psychiatry
and Neuropsychology, School for Mental Health
and Neuroscience, Alzheimer Centre Limburg,
Maastricht University, Maastricht, the Netherlands
(Visser); Evotec AG, Manfred Eigen Campus,
Hamburg, Germany (Weiss); UCL Institute of
Neurology, Queen Square, London, United
Kingdom (Wild).

Author Contributions: Dr Bridel had full access to
all of the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.

Concept and design: Bridel, Tijms, Teunissen.
Acquisition, analysis, or interpretation of data:
Bridel, van Wieringen, Tijms, Teunissen

Drafting of the manuscript: Bridel.

Critical revision of the manuscript for important
intellectual content: All authors.

Statistical analysis: van Wieringen, Tijms.

Obtained funding: Bridel, Teunissen.
Administrative, technical, or material support:
Bridel, Teunissen, Alvarez-Cermefio, Andreasson,
Axelsson, Backstrém, Bartos, Bjerke, Blennow,
Boxer, Brundin, Burman, Christensen, Fialova,
Forsgren, Frederiksen, Gisslén, Gray, Gunnarsson,
Hall, Hansson, Herbert, Jakobsson, Jessen-Krut,
Janelidze, Johannsson, Jonsson, Kappos, Khademi,
Khalil, Kuhle, Landén, Leinonen, Logroscino, Lu,
Lycke, Magdalinou, Malaspina, Mattsson, Meeter,
Mehta, Modvig, Olsson, Paterson, Pérez-Santiago,
Piehl, Pijnenburg, Pyykkd, Ragnarsson, Rojas,
Romme Christensen, Sandberg, Scherling, Schott,
Sellebjerg, Simone, Skillback, Stilund, Sundstrém,
Svenningsson, Tortelli, Tortorella, Trentini, Troiano,
Turner, van Swieten, Vagberg, Verbeek, Villar,
Visser, Wallin, Weiss, Wikkelsg, Wild, Zetterberg.
Supervision: Teunissen.

Conflict of Interest Disclosures: (In alphabetical
order): Dr Alvarez-Cermefio reported receiving
payment for lecturing, travel expenses, or research
grants from Merck Serono, Biogen, Sanofi
Genzyme, Roche, Bayer, and Novartis. Dr Axelsson
reported receiving compensation for lectures
and/or advisory board participation from Biogen,
Genzyme, and Novartis. Dr Blennow reported
serving as a consultant to or on advisory boards for

jamaneurology.com

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 12/28/2020


http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534

Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology

Alzheon, BioArctic, Biogen, Eli Lilly, Fujirebio
Europe, IBL International, Merck, Novartis, Pfizer,
and Roche Diagnostics and reported being a
cofounder of Brain Biomarker Solutions in
Gothenburg AB, a GU Venture-based platform
company at the University of Gothenburg.

Dr Boxer reported receiving research support
from National Institutes of Health grants
U54NS092089, RO1AG031278, RO1AG038791,
RO1AG032306, and RO1AG022983 and from

the Tau Research Consortium, the Bluefield
Project to Cure Frontotemporal Dementia,
Corticobasal Degeneration Solutions, and the
Alzheimer's Association; reported serving as a
consultant for AbbVie, Celgene, lonis, Janssen,
Merck, Novartis, UCB, and Toyama; reported
receiving research support from Avid, Biogen,
BMS, C2N, Cortice, Forum, Genentech, Janssen,
Pfizer, Eli Lilly, Roche, and TauRx; reported holding
stock/options in Aeton, Alector, and Delos; and
reported receiving an honorarium from Denali
Therapeutics. Dr Brundin reported receiving travel
grants from Sanofi/Genzyme and Biogen and
reported participating in advisory boards for
Genzyme, Sanofi, Biogen, and Merck. Dr Burman
reported receiving travel support and/or lecture
honoraria from Almirall, Biogen, Genzyme (a Sanofi
Company), Hospira, and Merck Serono and
reported receiving unconditional research grants
from Biogen and Merck Serono. Dr Frederiksen
reported serving on scientific advisory boards for
and receiving funding for travel related to these
activities; reported receiving honoraria from Biogen
Idec, Merck Serono, Sanofi Aventis, Teva, Novartis,
and Almirall; reported receiving speaker honoraria
from Biogen Idec, Teva, and Novartis; and reported
serving as an advisor on preclinical development for
Takeda. Dr Gisslén reported receiving research
grants from Abbott/AbbVie, Baxter, Bristol-Myers
Squibb, Gilead Sciences, GlaxoSmithKline, Merck,
Pfizer, Roche, and Tibotec and reported receiving
honoraria as speaker and/or scientific advisor from
Abbott/AbbVie, Bristol-Myers Squibb, Gilead
Sciences, GlaxoSmithKline/ViiV, Janssen-Cilag,

and Merck. Dr Gunnarsson reported serving on an
advisory board for Teva and reported receiving
travel funding and/or speaker honoraria from
Biogen Idec, Novartis, Merck Serono, and Bayer
Schering Pharma. Dr Hansson reported receiving
research support (for the institution) from Roche,
GE Healthcare, Biogen, Avid Radiopharmaceuticals,
Fujirebio, and EUROIMMUN and in the past 2 years
reported receiving consultancy/speaker fees (paid
to the institution) from Lilly, Roche, and Fujirebio.
Dr Jakobsson reported being an employee of
AstraZeneca. Dr Johannsson reported periodic
consulting for AstraZeneca, Shire, Novo Nordisk,
Pfizer, and Merck Serono and reported receiving
lecture fees from Eli Lilly, Merck Serono, Novartis,
Novo Nordisk, Pfizer, Otsuka, and Shire. Dr Jonsson
reported serving on the scientific advisory board
for Eli Lilly. Dr Kappos reported receiving in the last
3years and used exclusively for research support
steering committee, advisory board, and
consultancy fees from Actelion, Addex, Bayer
HealthCare, Biogen Idec, Biotica, Genzyme, Lilly,
Merck, Mitsubishi, Novartis, Ono Pharma, Pfizer,
Receptos, Sanofi, Santhera, Siemens, Teva, UCB,
and Xenoport; reported receiving speaker fees
from Bayer HealthCare, Biogen Idec, Merck,
Novartis, Sanofi, and Teva; reported receiving
support of educational activities from Bayer
HealthCare, Biogen, CSL Behring, Genzyme, Merck,

jamaneurology.com

Novartis, Sanofi, and Teva; reported receiving
license fees for Neurostatus products; and reported
receiving grants from Bayer HealthCare, Biogen
Idec, European Union, Merck, Novartis, Roche
Research Foundation, Swiss MS Society, and the
Swiss National Research Foundation. Dr Khalil
reported receiving funding for travel and speaker
honoraria from Bayer HealthCare, Novartis
Genzyme, Merck Serono, Biogen Idec, and Teva
Pharmaceutical Industries Ltd and reported
receiving a research grant from Teva
Pharmaceutical Industries Ltd. Dr Kuhle reported
receiving and using exclusively for research support
consulting fees from Biogen, Novartis, Protagen
AG, Roche, and Teva; reported receiving speaker
fees from the Swiss MS Society, Biogen, Novartis,
Roche, and Genzyme; reported receiving travel
expenses from Merck Serono, Novartis, and Roche;
reported receiving grants from the ECTRIMS
Research Fellowship Programme, University of
Basel, Swiss MS Society, Swiss National Research
Foundation (320030_160221), Bayer AG, Biogen,
Genzyme, Merck, Novartis, and Roche. Dr Landén
reported over the past 36 months receiving lecture
honoraria from Lundbeck and AstraZeneca Sweden
and reported serving as scientific consultant for
EPID Research Oy. Dr Leinonen reported receiving
research grants from Janssen R&D. Dr Lycke
reported receiving travel support and/or lecture
honoraria from Biogen, Novartis, Teva, and
Genzyme/Sanofi Aventis; reported serving on
scientific advisory boards for Almirall, Teva, Biogen,
Novartis, Merck, and Genzyme/Sanofi Aventis;
reported serving on the editorial board of Acta
Neurologica Scandinavica; and reported receiving
unconditional research grants from Biogen,
Novartis, and Teva. Dr Modvig reported receiving
travel support from Biogen, Genzyme, and
Allergan. Dr Olsson reported receiving unrestricted
research grants from Biogen, Novartis, and
Genzyme and reported receiving advisory board
honoraria from the same companies. Dr Piehl
reported receiving unrestricted academic research
grants from Biogen, Genzyme, and Novartis and on
behalf of his department reported receiving travel
support and/or compensation for lectures from
Biogen, Genzyme, Merck Serono, Novartis, Roche,
and Teva, which have been exclusively used for the
support of research activities. Dr Schott reported
receiving research funding and positron emission
tomographic tracer from Avid
Radiopharmaceuticals (a wholly owned subsidiary
of Eli Lilly); reported consulting for Roche, Eli Lilly,
Biogen, and MSD; reported giving educational
lectures sponsored by Eli Lilly; and reported serving
on a data safety monitoring committee for Axon
Neuroscience SE. Dr Simone reported receiving
honoraria from Genzyme, Teva, and Merck Serono
for educational lectures. Dr Teunissen reported
serving on advisory boards for Fujirebio and Roche;
reported receiving nonfinancial support in the form
of research consumables from ADxNeurosciences
and EUROIMMUN; and reported performing
contract research or receiving grants from
Probiodrug, Janssen Prevention Center, Boehringer,
Brains On-Line, Axon Neurosciences, EIP Pharma,
and Roche. Dr Tortorella reported receiving
honoraria for consultancy and speaking from
Biogen, Sanofi Aventis, Serono, Bayer-Schering,
Teva, Genzyme, Novartis, and Almirall. Dr Troiano
reported serving on scientific advisory boards for
Biogen, Novartis, Roche, and Genzyme; reported
receiving speaker honoraria from Biogen, Sanofi

Original Investigation Research

Aventis, Merck Serono, Teva, Genzyme, Novartis,
and Roche; and reported receiving research grants
for her institution from Biogen, Merck Serono, and
Novartis. Dr Turner reported serving as scientific
innovation committee member for Ontario Brain
Institute (2013-2017) (annual honorarium);
reported being data and safety monitoring board
member for Cytokinetics Inc-VITALITY-ALS study
(2015-2017) (unpaid); reported serving paid
consultancies for Genentech Inc-on the topic of
amyotrophic lateral sclerosis (ALS) biomarkers in
2017 and for various anonymous clients through
GLG Consulting on the topic of ALS diagnosis and
management; reported serving as a scientific
advisory board member of Orphazyme
(2018-2020); reported being paid in kind for
undertaking independent neurofilament study in
ALS (kits provided by EUROIMMUN UK)
(2017-2018); and reported commissioning and
serving as associate editor of Journal of Neurology,
Neurosurgery and Psychiatry (2015-2020).

Dr Vagberg reported receiving unconditional
research grants and lecture honoraria from Biogen
Idec AB and Neuro Sweden; reported receiving
travel grants from Biogen Idec AB, Novartis, and
Baxter Medical AB; and reported receiving writing
honoraria from Pharma Industry and Best Practice
Multiple Sclerosis. Dr Verbeek reported receiving
grants from Alzheimer Nederland, ZonMW-
Memorabel Program, Weston Brain Institute,
Stofwisselkracht, and EU-ITN-Marie
Sktodowska-Curie and reported serving on a
scientific advisory board for Fujirebio. Dr Villar
reported receiving research grants and speaker
honoraria from Biogen, Merck, Roche, and Sanofi
Genzyme. Dr Visser reported receiving nonfinancial
support from GE Healthcare; reported receiving
other support from Eli Lilly and Janssen
Pharmaceutica; and reported receiving grants from
Biogen. Dr Weiss reported being an employee of
Evotec AG. Dr Wild reported serving on scientific
advisory boards for Hoffmann-La Roche Ltd, lonis,
Shire, GSK, and Wave Life Sciences (all honoraria for
these advisory boards were paid through UCL
Consultants Ltd, a wholly owned subsidiary of
University College London) and reported that his
host clinical institution, University College London
Hospitals NHS Foundation Trust, receives funds as
compensation for conducting clinical trials for lonis
Pharmaceuticals, Pfizer, and Teva Pharmaceuticals.
Dr Zetterberg reported serving on advisory boards
for Eli Lilly, Roche Diagnostics, and Wave and
reported receiving travel support from Teva.

Funding/Support: (In alphabetical order):

Dr Backstrom is supported by the Swedish Medical
Research Council and The Swedish Parkinson’s
Disease Association. Dr Bartos is supported by
PROGRES Q35 and LO1611. Dr Blennow holds the
Torsten Soderberg Professorship at the Royal
Swedish Academy of Sciences. Dr Boxer is
supported by National Institutes of Health grants
U54NS092089, RO1AG031278, ROTAG038791,
RO1AG032306, and RO1AG022983 and by the Tau
Research Consortium, the Bluefield Project to Cure
Frontotemporal Dementia, Corticobasal
Degeneration Solutions, the Alzheimer's
Association, and The Association for
Frontotemporal Degeneration. Dr Bridel is
supported by a Swiss Multiple Sclerosis grant.

Dr Brundin is supported by grants from the Swedish
Medical Research Foundation, the Brain
Foundation, Stockholm Council, and Karolinska
Institutet. Dr Burman is supported by a donation

JAMA Neurology September 2019 Volume 76, Number 9

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 12/28/2020

1045


http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534

1046

Research Original Investigation

from Lars Tenerz, The Selander Foundation, Ake
Lownertz Foundation for Neurological Research,
the MAH Landell Foundation, Uppsala University
Hospital, the Swedish Research Council, and
Swedish State Support for Clinical Research
(ALFGBG-144341). Dr Fialova is supported by
PROGRES Q25/LF1and by the Ministry of Health,
Czech Republic (conceptual development of
research organization RVO 64165), General
University Hospital, in Prague, Czech Republic.

Dr Forsgren is supported by the Swedish Medical
Research Council and The Swedish Parkinson's
Disease Association. Dr Gisslén is supported by the
Sahlgrenska University Hospital (ALFGBG-430271)
and the National Institutes of Health
(ROINS094067). Dr Hall is supported by the
Swedish federal government under the ALF
agreement. Dr Hansson is supported by the
European Research Council, the Swedish Research
Council, the Knut and Alice Wallenberg Foundation,
the Marianne and Marcus Wallenberg Foundation,
the Swedish Brain Foundation, The Swedish
Parkinson Foundation, the Parkinson Research
Foundation, and the Swedish federal government
under the ALF agreement. Dr Jessen-Krut is
supported by the Sahlgrenska University Hospital
(ALFGBG-430271) and the National Institutes of
Health (ROINS094067). Dr Jonsson is supported
by the LADIS study funded by the European Union
within the V European Framework Programme
"Quality of life and management of living resources”
(1998-2002), contract QLRT-2000-00446 as a
concerted action (the local substudies were
supported by grants from the Sahlgrenska
University Hospital, Swedish Research Council,
Swedish Brain Power, and Stiftelsen Psykiatriska
Forskningsfonden). Dr Landén is supported by
grants from the Swedish Research Council
(K2014-62X-14647-12-51 and
K2010-61P-21568-01-4), the Swedish Foundation
for Strategic Research (KF10-0039), and the
Swedish federal government under the LUA/ALF
agreement (ALFGBG-142041). Dr Leinonen is
supported by the KUH VTR Fund. Dr Lu is
supported by Barts and the London Charities
(468/1714). Dr Lycke is supported by the Swedish
federal government under the ALF agreement
(ALFGBG-72208]), the Research Foundation of the
Multiple Sclerosis Society of Gothenburg, and the
Edith Jacobson Foundation. Dr Mattsson is
supported by grants from the Swedish Research
Council, Bundy Academy, and MultiPark at Lund
University. Dr Meeter is supported by a Memorabel
grant from Deltaplan Dementie (The Netherlands
Organisation for Health Research and Development
and the Netherlands Alzheimer’s Foundation grant
7073305 98105), by the European Joint
Programme-Neurodegenerative Disease Research
(JPND, PreFrontALS), and by Alzheimer Nederland
(grant WE.09 2014 04). Dr Modvig is supported by
The Danish Council for Strategic Research and the
Danish Multiple Sclerosis Society. Dr Paterson is
supported by a National Institute for Health
Research clinical lectureship. Dr Rojas is supported
by National Institutes of Health/National Institute
on Aging grant T32 AGO23481-1. Dr Teunissen is
supported by grants from the European
Commission, Dutch Research Council (ZonMW),
Association of Frontotemporal Dementia/
Alzheimer’s Drug Discovery Foundation, and
Alzheimer Netherlands. Dr Tijms is supported by
the Dutch Research Council (ZonMW, Memorabel
grant 733050824). Dr Turner is supported by the

Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology

Medical Research Council and by the Motor
Neurone Disease Association Lady Edith Wolfson
Senior Fellowship (MR/KO1014X/1). Dr van Swieten
is supported by a Memorabel grant from Deltaplan
Dementie (The Netherlands Organisation for Health
Research and Development and the Netherlands
Alzheimer's Foundation grant 70 73305 98 105)
and by the European Joint Programme-
Neurodegenerative Disease Research (JPND,
PreFrontALS), and the Dioraphte Foundation.

Dr Verbeek is supported by the CAVIA project (nr
733050202) and the Bionic project (nr
733050822), both funded by ZonMW, part of the
Dutch national “Deltaplan for Dementia: zonmw
nl/dementiaresearch.” Dr Villar is supported by FIS
P115/00513 and Red Espaiiola de Esclerosis
Mdltiple (REEM) from the Institute of Health Carlos
II. Dr Visser is supported by EU/EFPIA Innovative
Medicines Initiative Joint Undertaking (EMIF grant
115372) and by the Dutch Research Council (ZonMW
Memorabel grant programme 733050824).

Dr Wallin is supported by Sahlgrenska University
Hospital. Dr Wild is supported by research funding
from the Medical Research Council (UK), CHDI
Foundation, Inc, and European Huntington's
Disease Network and by support from the UCL
Leonard Wolfson Experimental Neurology Centre.
Dr Zetterberg is supported by a Wallenberg
Academy Fellowship and acknowledges support
from the Swedish and European research councils.

Role of the Funder/Sponsor: The funding sources
had no role in the design and conduct of the study:
collection, management, analysis, and
interpretation of the data; preparation, review,

or approval of the manuscript; and decision to
submit the manuscript for publication.

REFERENCES

1. Rosengren LE, Karlsson JE, Karlsson JO, Persson LI,
Wikkelsg C. Patients with amyotrophic lateral
sclerosis and other neurodegenerative diseases have
increased levels of neurofilament protein in CSF.

J Neurochem. 1996;67(5):2013-2018. doi:10.1046/j.
1471-41591996.67052013.x

2. Khademi M, Dring AM, Gilthorpe JD, et al.
Intense inflammation and nerve damage in early
multiple sclerosis subsides at older age: a reflection
by cerebrospinal fluid biomarkers. PLoS One. 2013;
8(5):e63172. doi:10.1371/journal.pone.0063172

3. Moher D, Liberati A, Tetzlaff J, Altman DG;
PRISMA Group. Preferred Reporting Items for
Systematic Reviews and Meta-analyses: the
PRISMA statement. Ann Intern Med.
2009;151(4):264-269, W64. doi:10.7326/0003-4819-
151-4-200908180-00135

4. Vandenbroucke JP, von EIm E, Altman DG, et al;
STROBE Initiative. Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE):
explanation and elaboration. Epidemiology.
2007;18(6):805-835. Medline:18049195 doi:10.
1097/EDE.Ob013e3181577511

5. Whiting PF, Rutjes AW, Westwood ME, et al;
QUADAS-2 Group. QUADAS-2: a revised tool for the
quality assessment of diagnostic accuracy studies.
Ann Intern Med. 2011;155(8):529-536. doi:10.7326/
0003-4819-155-8-201110180-00009

6. Petzold A, Altintas A, Andreoni L, et al.
Neurofilament ELISA validation. J Immunol Methods.
2010;352(1-2):23-31. doi:10.1016/j.jim.2009.09.014

JAMA Neurology September 2019 Volume 76, Number 9

7. Teunissen CE, Khalil M. Neurofilaments as
biomarkers in multiple sclerosis. Mult Scler. 2012;18
(5):552-556. doi:10.1177/1352458512443092

8. Yilmaz A, Blennow K, Hagberg L, et al.
Neurofilament light chain protein as a marker of
neuronal injury: review of its use in HIV-1infection
and reference values for HIV-negative controls.
Expert Rev Mol Diagn. 2017;17(8):761-770. doi:10.
1080/14737159.2017.1341313

9. McDonald WI, Compston A, Edan G, et al.
Recommended diagnostic criteria for multiple
sclerosis: guidelines from the International Panel on
the diagnosis of multiple sclerosis. Ann Neurol.
2001;50(1):121-127. doi:10.1002/ana.1032

10. Polman CH, Reingold SC, Edan G, et al.
Diagnostic criteria for multiple sclerosis: 2005
revisions to the “McDonald Criteria“. Ann Neurol.
2005;58(6):840-846. doi:10.1002/ana.20703

11. Polman CH, Reingold SC, Banwell B, et al.
Diagnostic criteria for multiple sclerosis: 2010
revisions to the McDonald Criteria. Ann Neurol.
2011;69(2):292-302. doi:10.1002/ana.22366

12. McKhann GM, Knopman DS, Chertkow H, et al.
The diagnosis of dementia due to Alzheimer’s
disease: recommendations from the National
Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for
Alzheimer's disease. Alzheimers Dement. 2011;7(3):
263-269. doi:10.1016/j.jalz.2011.03.005

13. Dubois B, Feldman HH, Jacova C, et al.
Advancing research diagnostic criteria for
Alzheimer's disease: the IWG-2 criteria [published
correction appears in Lancet Neurol.
2014;13(8):7571. Lancet Neurol. 2014;13(6):614-629.
doi:10.1016/51474-4422(14)70090-0

14. Hughes AJ, Daniel SE, Kilford L, Lees AJ.
Accuracy of clinical diagnosis of idiopathic
Parkinson's disease: a clinico-pathological study of
100 cases. J Neurol Neurosurg Psychiatry. 1992;55
(3):181-184. doi:10.1136/jnnp.55.3.181

15. Gelb DJ, Oliver E, Gilman S. Diagnostic criteria
for Parkinson disease. Arch Neurol. 1999;56(1):
33-39. doi:10.1001/archneur.56.1.33

16. Emre M, Aarsland D, Brown R, et al. Clinical
diagnostic criteria for dementia associated with
Parkinson's disease. Mov Disord. 2007;22(12):
1689-1707. doi:10.1002/mds.21507

17. Litvan |, Agid Y, Jankovic J, et al. Accuracy of
clinical criteria for the diagnosis of progressive
supranuclear palsy (Steele-Richardson-Olszewski
syndrome). Neurology. 1996:46(4):922-930.
doi:10.1212/WNL.46.4.922

18. Gilman S, Low PA, Quinn N, et al. Consensus
statement on the diagnosis of multiple system
atrophy. J Neurol Sci. 1999;163(1):94-98. doi:10.
1016/S0022-510X(98)00304-9

19. Lee SE, Rabinovici GD, Mayo MC, et al.
Clinicopathological correlations in corticobasal
degeneration. Ann Neurol. 2011;70(2):327-340.
doi:10.1002/ana.22424

20. Mathew R, Bak TH, Hodges JR. Diagnostic
criteria for corticobasal syndrome: a comparative
study. J Neurol Neurosurg Psychiatry. 2012;83(4):
405-410. doi:10.1136/jnnp-2011-300875

21. McKeith IG, Boeve BF, Dickson DW, et al.
Diagnosis and management of dementia with Lewy
bodies: Fourth consensus report of the DLB
Consortium. Neurology. 2017;89(1):88-100. doi:10.
1212/WNL.0000000000004058

jamaneurology.com

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 12/28/2020


https://dx.doi.org/10.1046/j.1471-4159.1996.67052013.x
https://dx.doi.org/10.1046/j.1471-4159.1996.67052013.x
https://dx.doi.org/10.1371/journal.pone.0063172
https://dx.doi.org/10.7326/0003-4819-151-4-200908180-00135
https://dx.doi.org/10.7326/0003-4819-151-4-200908180-00135
https://dx.doi.org/10.1097/EDE.0b013e3181577511
https://dx.doi.org/10.1097/EDE.0b013e3181577511
https://dx.doi.org/10.7326/0003-4819-155-8-201110180-00009
https://dx.doi.org/10.7326/0003-4819-155-8-201110180-00009
https://dx.doi.org/10.1016/j.jim.2009.09.014
https://dx.doi.org/10.1177/1352458512443092
https://dx.doi.org/10.1080/14737159.2017.1341313
https://dx.doi.org/10.1080/14737159.2017.1341313
https://dx.doi.org/10.1002/ana.1032
https://dx.doi.org/10.1002/ana.20703
https://dx.doi.org/10.1002/ana.22366
https://dx.doi.org/10.1016/j.jalz.2011.03.005
https://dx.doi.org/10.1016/S1474-4422(14)70090-0
https://dx.doi.org/10.1136/jnnp.55.3.181
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneur.56.1.33&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534
https://dx.doi.org/10.1002/mds.21507
https://dx.doi.org/10.1212/WNL.46.4.922
https://dx.doi.org/10.1016/S0022-510X(98)00304-9
https://dx.doi.org/10.1016/S0022-510X(98)00304-9
https://dx.doi.org/10.1002/ana.22424
https://dx.doi.org/10.1136/jnnp-2011-300875
https://dx.doi.org/10.1212/WNL.0000000000004058
https://dx.doi.org/10.1212/WNL.0000000000004058
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534

Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology

22. Neary D, Snowden JS, Gustafson L, et al.
Frontotemporal lobar degeneration: a consensus on
clinical diagnostic criteria. Neurology. 1998;51(6):
1546-1554. doi:10.1212/WNL.51.6.1546

23. The Lund and Manchester Groups. Clinical and
neuropathological criteria for frontotemporal
dementia. J Neurol Neurosurg Psychiatry.1994;57
(4):416-418. doi:10.1136/jnnp.57.4.416

24. Ludolph A, Drory V, Hardiman O, et al; WFN
Research Group on ALS/MND. A revision of the EI
Escorial criteria: 2015. Amyotroph Lateral Scler
Frontotemporal Degener. 2015;16(5-6):291-292.
doi:10.3109/21678421.2015.1049183

25. Erkinjuntti T, Haltia M, Palo J, Sulkava R, Paetau A.
Accuracy of the clinical diagnosis of vascular
dementia: a prospective clinical and post-mortem
neuropathological study. J Neurol Neurosurg Psychiatry .
1988;51(8):1037-1044. doi:10.1136/jnnp.51.8.1037

26. Relkin N, Marmarou A, Klinge P, Bergsneider M,
Black PM. Diagnosing idiopathic normal-pressure
hydrocephalus. Neurosurgery. 2005;57(3)(suppl):
S4-516.

27. Gonzalez R, Heaton RK, Moore DJ, et al; HIV
Neurobehavioral Research Center Group.
Computerized reaction time battery versus a
traditional neuropsychological battery: detecting
HIV-related impairments. J Int Neuropsychol Soc.
2003;9(1):64-71. doi:10.1017/S1355617703910071

28. Anckarsater R, Anckarsdter H, Bromander S,
Blennow K, Wass C, Zetterberg H. Non-neurological
surgery and cerebrospinal fluid biomarkers for
neuronal and astroglial integrity. J Neural Transm
(Vienna). 2014;121(6):649-653. doi:10.1007/s00702-
013-1156-0

29. Axelsson M, Malmestrém C, Gunnarsson M,

et al. Immunosuppressive therapy reduces axonal
damage in progressive multiple sclerosis. Mult Scler.
2014;20(1):43-50. doi:10.1177/1352458513490544

30. Backstrom DC, Eriksson Domell6f M, Linder J,
et al. Cerebrospinal fluid patterns and the risk of
future dementia in early, incident Parkinson
disease. JAMA Neurol. 2015;72(10):1175-1182.
doi:10.1001/jamaneurol.2015.1449

31. Bjerke M, Zetterberg H, Edman A, Blennow K,
Wallin A, Andreasson U. Cerebrospinal fluid matrix
metalloproteinases and tissue inhibitor of
metalloproteinases in combination with subcortical
and cortical biomarkers in vascular dementia and
Alzheimer's disease. J Alzheimers Dis. 2011;27(3):
665-676. doi:10.3233/JAD-2011-110566

32. Bjerke M, Jonsson M, Nordlund A, et al.
Cerebrovascular biomarker profile is related to
white matter disease and ventricular dilation in a
LADIS substudy. Dement Geriatr Cogn Dis Extra.
2014;4(3):385-394. doi:10.1159/000366119

33. Jonsson M, Zetterberg H, Rolstad S, et al. Low
cerebrospinal fluid sulfatide predicts progression of
white matter lesions: the LADIS study. Dement
Geriatr Cogn Disord. 2012;34(1):61-67. doi:10.1159/
000341576

34. Bruno D, Pomara N, Nierenberg J, et al. Levels
of cerebrospinal fluid neurofilament light protein in
healthy elderly vary as a function of TOMM40
variants. Exp Gerontol. 2012;47(5):347-352. doi:10.
1016/j.exger.2011.09.008

35. BurmanJ, Zetterberg H, Fransson M, Loskog AS,
Raininko R, Fagius J. Assessing tissue damage in
multiple sclerosis: a biomarker approach. Acta Neurol
Scand. 2014;130(2):81-89. doi:10.1111/ane.12239

jamaneurology.com

36. Fialova L, Bartos A, Svarcové J, Zimova D,
Kotoucova J. Serum and cerebrospinal fluid heavy
neurofilaments and antibodies against them in early
multiple sclerosis. J Neuroimmunol. 2013;259(1-2):
81-87. doi:10.1016/j.jneuroim.2013.03.009

37. Fialova L, Bartos A, Svarcové J. Neurofilaments
and tau proteins in cerebrospinal fluid and serumin
dementias and neuroinflammation. Biomed Pap
Med Fac Univ Palacky Olomouc Czech Repub. 2017;
161(3):286-295. doi:10.5507/bp.2017.038

38. Gunnarsson M, Malmestrom C, Axelsson M,
et al. Axonal damage in relapsing multiple sclerosis
is markedly reduced by natalizumab. Ann Neurol.
2011;69(1):83-89. doi:10.1002/ana.22247

39. Hall S, Ohrfelt A, Constantinescu R, et al.
Accuracy of a panel of 5 cerebrospinal fluid
biomarkers in the differential diagnosis of patients
with dementia and/or parkinsonian disorders. Arch
Neurol. 2012;69(11):1445-1452. doi:10.1001/
archneurol.2012.1654

40. HallS, SurovaY, Ohrfelt A, Zetterberg H,
Lindqvist D, Hansson O. CSF biomarkers and clinical
progression of Parkinson disease. Neurology. 2015;
84(1):57-63. doi:10.1212/WNL.
0000000000001098

41. Herbert MK, Aerts MB, Beenes M, et al. CSF
neurofilament light chain but not FLT3 ligand
discriminates parkinsonian disorders. Front Neurol.
2015;6(May):91. doi:10.3389/fneur.2015.00091

42. Hjalmarsson C, Bjerke M, Andersson B, et al.
Neuronal and glia-related biomarkers in
cerebrospinal fluid of patients with acute ischemic
stroke. J Cent Nerv Syst Dis. 2014;6:51-58. doi:10.
4137/JCNSD.S13821

43. Jakobsson J, Bjerke M, Ekman CJ, et al.
Elevated concentrations of neurofilament light
chain in the cerebrospinal fluid of bipolar disorder
patients. Neuropsychopharmacology. 2014;39(10):
2349-2356. doi:10.1038/npp.2014.81

44. Rolstad S, Jakobsson J, Sellgren C, et al.
Cognitive performance and cerebrospinal fluid
biomarkers of neurodegeneration: a study of
patients with bipolar disorder and healthy controls.
PLOS One. 2015;10(5):e0127100. doi:10.1371/
journal.pone.0127100

45. Jeppsson A, Zetterberg H, Blennow K,
Wikkelsg C. Idiopathic normal-pressure
hydrocephalus: pathophysiology and diagnosis by
CSF biomarkers. Neurology. 2013;80(15):1385-1392.
doi:10.1212/WNL.0b013e31828c2fda

46. Jessen Krut J, Mellberg T, Price RW, et al.
Biomarker evidence of axonal injury in
neuroasymptomatic HIV-1 patients. PLoS One. 2014;
9(2):e88591. doi:10.1371/journal.pone.0088591

47. Aeinehband S, Lindblom RPF, Al Nimer F, et al.
Complement component C3 and butyrylcholinesterase
activity are associated with neurodegeneration and
clinical disability in multiple sclerosis. PLoS One. 2015;10
(4):e0122048. doi:10.1371/journal.pone.0122048

48. Khalil M, Enzinger C, Langkammer C, et al. CSF
neurofilament and N-acetylaspartate related brain
changes in clinically isolated syndrome. Mult Scler.
2013;19(4):436-442. doi:10.1177/1352458512458010

49. 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(12):
1597-1603. doi:10.1177/1352458513482374

50. Kuhle J, Malmestrém C, Axelsson M, et al.
Neurofilament light and heavy subunits compared

Original Investigation Research

as therapeutic biomarkers in multiple sclerosis. Acta
Neurol Scand. 2013;128(6):e33-e36. doi:10.1111/ane.
12151

51. Kuhle J, Disanto G, Lorscheider J, et al.
Fingolimod and CSF neurofilament light chain levels
in relapsing-remitting multiple sclerosis. Neurology.
2015;84(16):1639-1643. doi:10.1212/WNL.
0000000000001491

52. Magdalinou NK, Paterson RW, Schott JM, et al.
A panel of nine cerebrospinal fluid biomarkers may
identify patients with atypical parkinsonian
syndromes. J Neurol Neurosurg Psychiatry. 2015;86
(11):1240-1247. doi:10.1136/jnnp-2014-309562

53. Martinez MAM, Olsson B, Bau L, et al. Glial and
neuronal markers in cerebrospinal fluid predict
progression in multiple sclerosis. Mult Scler. 2015;21
(5):550-561. doi:10.1177/1352458514549397

54. Meeter LH, Dopper EG, Jiskoot LC, et al.
Neurofilament light chain: a biomarker for genetic
frontotemporal dementia. Ann Clin Trans| Neurol.
2016;3(8):623-636. doi:10.1002/acn3.325

55. Menke RA, Gray E, Lu CH, et al. CSF
neurofilament light chain reflects corticospinal tract
degeneration in ALS. Ann Clin Transl Neurol. 2015;2
(7):748-755. doi:10.1002/acn3.212

56. Lu CH, Macdonald-Wallis C, Gray E, et al.
Neurofilament light chain: a prognostic biomarker
in amyotrophic lateral sclerosis [published
correction appears in Neurology. 2015;85(10):921].
Neurology. 2015;84(22):2247-2257. doi:10.1212/WNL.
0000000000001642

57. ModvigS, Degn M, Horwitz H, et al.
Relationship between cerebrospinal fluid
biomarkers for inflammation, demyelination and
neurodegeneration in acute optic neuritis. PLoS One.
2013;8(10):e77163. doi:10.1371/journal.pone.0077163

58. Modvig$S, Degn M, Sander B, et al.
Cerebrospinal fluid neurofilament light chain levels
predict visual outcome after optic neuritis. Mult Scler.
2016;22(5):590-598. doi:10.1177/1352458515599074

59. Modvig S, Degn M, Roed H, et al. Cerebrospinal
fluid levels of chitinase 3-like 1and neurofilament
light chain predict multiple sclerosis development
and disability after optic neuritis. Mult Scler. 2015;21
(14):1761-1770. doi:10.1177/1352458515574148

60. Paterson RW, Toombs J, Slattery CF, et al.
Dissecting IWG-2 typical and atypical Alzheimer's
disease: insights from cerebrospinal fluid analysis.
J Neurol. 2015;262(12):2722-2730. doi:10.1007/
s00415-015-7904-3

61. Pérez-Santiago J, Schrier RD, de Oliveira MF,
et al. Cell-free mitochondrial DNA in CSF is
associated with early viral rebound, inflammation,
and severity of neurocognitive deficits in HIV
infection. J Neurovirol. 2016;22(2):191-200. doi:10.
1007/s13365-015-0384-5

62. Pijnenburg YA, Verwey NA, van der Flier WM,
Scheltens P, Teunissen CE. Discriminative and
prognostic potential of cerebrospinal fluid
phosphoTau/tau ratio and neurofilaments for
frontotemporal dementia subtypes. Alzheimers
Dement (Amst). 2015;1(4):505-512. doi:10.1016/j.
dadm.2015.11.001

63. Pyykko OT, Lumela M, Rummukainen J, et al.
Cerebrospinal fluid biomarker and brain biopsy
findings in idiopathic normal pressure
hydrocephalus. PLoS One. 2014;9(3):€91974.
doi:10.1371/journal.pone.0091974

JAMA Neurology September 2019 Volume 76, Number 9

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 12/28/2020

1047


https://dx.doi.org/10.1212/WNL.51.6.1546
https://dx.doi.org/10.1136/jnnp.57.4.416
https://dx.doi.org/10.3109/21678421.2015.1049183
https://dx.doi.org/10.1136/jnnp.51.8.1037
https://www.ncbi.nlm.nih.gov/pubmed/16160425
https://www.ncbi.nlm.nih.gov/pubmed/16160425
https://dx.doi.org/10.1017/S1355617703910071
https://dx.doi.org/10.1007/s00702-013-1156-0
https://dx.doi.org/10.1007/s00702-013-1156-0
https://dx.doi.org/10.1177/1352458513490544
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2015.1449&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534
https://dx.doi.org/10.3233/JAD-2011-110566
https://dx.doi.org/10.1159/000366119
https://dx.doi.org/10.1159/000341576
https://dx.doi.org/10.1159/000341576
https://dx.doi.org/10.1016/j.exger.2011.09.008
https://dx.doi.org/10.1016/j.exger.2011.09.008
https://dx.doi.org/10.1111/ane.12239
https://dx.doi.org/10.1016/j.jneuroim.2013.03.009
https://dx.doi.org/10.5507/bp.2017.038
https://dx.doi.org/10.1002/ana.22247
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneurol.2012.1654&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneurol.2012.1654&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534
https://dx.doi.org/10.1212/WNL.0000000000001098
https://dx.doi.org/10.1212/WNL.0000000000001098
https://dx.doi.org/10.3389/fneur.2015.00091
https://dx.doi.org/10.4137/JCNSD.S13821
https://dx.doi.org/10.4137/JCNSD.S13821
https://dx.doi.org/10.1038/npp.2014.81
https://dx.doi.org/10.1371/journal.pone.0127100
https://dx.doi.org/10.1371/journal.pone.0127100
https://dx.doi.org/10.1212/WNL.0b013e31828c2fda
https://dx.doi.org/10.1371/journal.pone.0088591
https://dx.doi.org/10.1371/journal.pone.0122048
https://dx.doi.org/10.1177/1352458512458010
https://dx.doi.org/10.1177/1352458513482374
https://dx.doi.org/10.1111/ane.12151
https://dx.doi.org/10.1111/ane.12151
https://dx.doi.org/10.1212/WNL.0000000000001491
https://dx.doi.org/10.1212/WNL.0000000000001491
https://dx.doi.org/10.1136/jnnp-2014-309562
https://dx.doi.org/10.1177/1352458514549397
https://dx.doi.org/10.1002/acn3.325
https://dx.doi.org/10.1002/acn3.212
https://dx.doi.org/10.1212/WNL.0000000000001642
https://dx.doi.org/10.1212/WNL.0000000000001642
https://dx.doi.org/10.1371/journal.pone.0077163
https://dx.doi.org/10.1177/1352458515599074
https://dx.doi.org/10.1177/1352458515574148
https://dx.doi.org/10.1007/s00415-015-7904-3
https://dx.doi.org/10.1007/s00415-015-7904-3
https://dx.doi.org/10.1007/s13365-015-0384-5
https://dx.doi.org/10.1007/s13365-015-0384-5
https://dx.doi.org/10.1016/j.dadm.2015.11.001
https://dx.doi.org/10.1016/j.dadm.2015.11.001
https://dx.doi.org/10.1371/journal.pone.0091974
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534

1048

Research Original Investigation

64. Ragnarsson O, Berglund P, Eder DN, et al.
Neurodegenerative and inflammatory biomarkers
in cerebrospinal fluid in patients with Cushing's
syndrome in remission. Eur J Endocrinol. 2013;169
(2):211-215. doi:10.1530/EJE-13-0205

65. Romme Christensen J, Ratzer R, Bornsen L,

et al. Natalizumab in progressive MS: results of an
open-label, phase 2A, proof-of-concept trial.
Neurology. 2014;82(17):1499-1507. doi:10.1212/WNL.
0000000000000361

66. Rosén C, Rosén H, Andreasson U, et al.
Cerebrospinal fluid biomarkers in cardiac arrest
survivors. Resuscitation. 2014;85(2):227-232.
doi:10.1016/j.resuscitation.2013.10.032

67. Sandberg L, Bistrom M, Salzer J, Vagberg M,
Svenningsson A, Sundstréom P. Vitamin D and
axonal injury in multiple sclerosis. Mult Scler. 2016;
22(8):1027-1031. doi:10.1177/1352458515606986

68. Scherling CS, Hall T, Berisha F, et al.
Cerebrospinal fluid neurofilament concentration
reflects disease severity in frontotemporal
degeneration. Ann Neurol. 2014;75(1):116-126.
doi:10.1002/ana.24052

69. Skillback T, Farahmand B, Bartlett JW, et al. CSF
neurofilament light differs in neurodegenerative
diseases and predicts severity and survival.
Neurology. 2014;83(21):1945-1953. doi:10.1212/WNL.
0000000000001015

70. Stilund M, Gjelstrup MC, Petersen T, Mgller HJ,
Rasmussen PV, Christensen T. Biomarkers of
inflammation and axonal degeneration/damage in
patients with newly diagnosed multiple sclerosis:
contributions of the soluble CD163 CSF/serum ratio
to a biomarker panel. PLoS One. 2015;10(4):e0119681.
doi:10.1371/journal.pone.01196 81

71. Tortelli R, Copetti M, Ruggieri M, et al.
Cerebrospinal fluid neurofilament light chain levels:
marker of progression to generalized amyotrophic
lateral sclerosis. Eur J Neurol. 2015;22(1):215-218.
doi:10.1111/ene.12421

72. Tortelli R, Ruggieri M, Cortese R, et al. Elevated
cerebrospinal fluid neurofilament light levels in
patients with amyotrophic lateral sclerosis:

a possible marker of disease severity and
progression. Eur J Neurol. 2012;19(12):1561-1567.
doi:10.1111/j.1468-1331.2012.03777.x

73. Tortorella C, Direnzo V, Taurisano P, et al.
Cerebrospinal fluid neurofilament tracks fMRI
correlates of attention at the first attack of multiple
sclerosis. Mult Scler. 2015;21(4):396-401. doi:10.
1177/1352458514546789

74. Trentini A, Comabella M, Tintoré M, et al.
N-acetylaspartate and neurofilaments as
biomarkers of axonal damage in patients with
progressive forms of multiple sclerosis. J Neurol.
2014;261(12):2338-2343. doi:10.1007/s00415-014-
7507-4

75. Vagberg M, Norgren N, Dring A, et al. Levels
and age dependency of neurofilament light and
glial fibrillary acidic protein in healthy individuals

Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology

and their relation to the brain parenchymal fraction.
PL0S One. 2015;10(8):e0135886. doi:10.1371/
journal.pone.0135886

76. Villar LM, Picon C, Costa-Frossard L, et al.
Cerebrospinal fluid immunological biomarkers
associated with axonal damage in multiple sclerosis.
Eur J Neurol. 2015;22(8):1169-1175. doi:10.1111/ene.
12579

77. Wild EJ, Boggio R, Langbehn D, et al.
Quantification of mutant huntingtin protein in
cerebrospinal fluid from Huntington’s disease
patients. J Clin Invest. 2015;125(5):1979-1986.
doi:10.1172/JCI80743

78. Zetterberg H, Skillback T, Mattsson N, et al;
Alzheimer's Disease Neuroimaging Initiative.
Association of cerebrospinal fluid neurofilament
light concentration with Alzheimer disease
progression. JAMA Neurol. 2016;73(1):60-67.
doi:10.1001/jamaneurol.2015.3037

79. Pakkenberg B, Gundersen HJ. Neocortical
neuron number in humans: effect of sex and age.
J Comp Neurol. 1997;384(2):312-320. doi:10.1002/
(SIC1)1096-9861(19970728)384:2<312::AID-
CNE10>3.0.CO;2-K

80. Cohen JA, Reingold SC, Polman CH, Wolinsky JS;
International Advisory Committee on Clinical Trials in
Multiple Sclerosis. Disability outcome measures in
multiple sclerosis clinical trials: current status and
future prospects. Lancet Neurol. 2012;11(5):467-476.
doi:10.1016/51474-4422(12)70059-5

81. Stadelmann C, Wegner C, Briick W.
Inflammation, demyelination, and degeneration -
recent insights from MS pathology. Biochim Biophys
Acta. 2011;1812(2):275-282. doi:10.1016/j.bbadis.
2010.07.007

82. Gaiottino J, Norgren N, Dobson R, et al.
Increased neurofilament light chain blood levels in
neurodegenerative neurological diseases. PLoS One.
2013;8(9):€75091. doi:10.1371/journal.pone.0075091

83. Tortorella C, Direnzo V, Ruggieri M, et al.
Cerebrospinal fluid neurofilament light levels mark
grey matter volume in clinically isolated syndrome
suggestive of multiple sclerosis [published
correction appears in Mult Scler. 2019;25(2):302].
Mult Scler J. 2018;24(8):1039-1045.

84. De Stefano N, Matthews PM, Filippi M, et al.
Evidence of early cortical atrophy in MS: relevance
to white matter changes and disability. Neurology.
2003;60(7):1157-1162. doi:10.1212/01.WNL.
0000055926.69643.03

85. Malmestrom C, Haghighi S, Rosengren L,
Andersen O, Lycke J. Neurofilament light protein
and glial fibrillary acidic protein as biological
markers in MS. Neurology. 2003;61(12):1720-1725.
doi:10.1212/01.WNL.0000098880.19793.B6

86. Norgren N, Sundstrém P, Svenningsson A,
Rosengren L, Stigbrand T, Gunnarsson M.
Neurofilament and glial fibrillary acidic protein in
multiple sclerosis. Neurology. 2004;63(9):1586-1590.
doi:10.1212/01.WNL.0000142988.49341.D1

JAMA Neurology September 2019 Volume 76, Number 9

87. Giovannoni G, Nath A. After the storm:
neurofilament levels as a surrogate endpoint for
neuroaxonal damage. Neurology. 2011;76(14):
1200-1201. doi:10.1212/WNL.0b013e3182143345

88. Alcolea D, Vilaplana E, Sudrez-Calvet M, et al.
CSF sAPP, YKL-40, and neurofilament light in
frontotemporal lobar degeneration. Neurology.
2017;89(2):178-188. doi:10.1212/WNL.
0000000000004088

89. Reijn TS, Abdo WF, Schelhaas HJ, Verbeek MM.
CSF neurofilament protein analysis in the
differential diagnosis of ALS. J Neurol. 2009;256
(4):615-619. doi:10.1007/s00415-009-0131-z

90. Hu X, Yang Y, Gong D. Cerebrospinal fluid
levels of neurofilament light chain in multiple
system atrophy relative to Parkinson's disease:
a meta-analysis. Neurol Sci. 2017;38(3):407-414.
doi:10.1007/s10072-016-2783-7

91. Soylu-Kucharz R, Sandelius A, Sjpgren M, et al.
Neurofilament light protein in CSF and blood is
associated with neurodegeneration and disease
severity in Huntington’s disease R6/2 mice. Sci Rep.
2017;7(1):14114. doi:10.1038/s41598-017-14179-1

92. Bergman J, Dring A, Zetterberg H, et al.
Neurofilament light in CSF and serum is a sensitive
marker for axonal white matter injury in MS. Neurol
Neuroimmunol Neuroinflamm. 2016;3(5):e271.
doi:10.1212/NX1.0000000000000271

93. Teunissen CE, Elias N, Koel-Simmelink MJ, et al.
Novel diagnostic cerebrospinal fluid biomarkers for
pathologic subtypes of frontotemporal dementia
identified by proteomics. Alzheimers Dement (Amst).
2016;2:86-94. doi:10.1016/j.dadm.2015.12.004

94. Hughes AJ, Daniel SE, Ben-Shlomo Y, Lees AJ.
The accuracy of diagnosis of parkinsonian
syndromes in a specialist movement disorder
service. Brain. 2002;125(pt 4):861-870. doi:10.
1093/brain/awfO80

95. Plassman BL, Khachaturian AS, Townsend JJ,
et al. Comparison of clinical and neuropathologic
diagnoses of Alzheimer's disease in 3 epidemiologic
samples. Alzheimers Dement. 2006;2(1):2-11.
doi:10.1016/j.jalz.2005.11.001

96. Visser PJ, Vos S, van Rossum |, Scheltens P.
Comparison of International Working Group criteria
and National Institute on Aging-Alzheimer's
Association criteria for Alzheimer's disease.
Alzheimers Dement. 2012;8(6):560-563. doi:10.
1016/j.jalz.2011.10.008

97. Pohjasvaara T, Mantyla R, Ylikoski R, Kaste M,
Erkinjuntti T; National Institute of Neurological
Disorders and Stroke-Association Internationale
pour la Recherche et I'Enseignement en
Neurosciences. Comparison of different clinical
criteria (DSM-IIl, ADDTC, ICD-10, NINDS-AIREN,
DSM:-1V) for the diagnosis of vascular dementia.
Stroke. 2000;31(12):2952-2957. doi:10.1161/01.5TR.
31.12.2952

jamaneurology.com

© 2019 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ on 12/28/2020


https://dx.doi.org/10.1530/EJE-13-0205
https://dx.doi.org/10.1212/WNL.0000000000000361
https://dx.doi.org/10.1212/WNL.0000000000000361
https://dx.doi.org/10.1016/j.resuscitation.2013.10.032
https://dx.doi.org/10.1177/1352458515606986
https://dx.doi.org/10.1002/ana.24052
https://dx.doi.org/10.1212/WNL.0000000000001015
https://dx.doi.org/10.1212/WNL.0000000000001015
https://dx.doi.org/10.1371/journal.pone.0119681
https://dx.doi.org/10.1111/ene.12421
https://dx.doi.org/10.1111/j.1468-1331.2012.03777.x
https://dx.doi.org/10.1177/1352458514546789
https://dx.doi.org/10.1177/1352458514546789
https://dx.doi.org/10.1007/s00415-014-7507-4
https://dx.doi.org/10.1007/s00415-014-7507-4
https://dx.doi.org/10.1371/journal.pone.0135886
https://dx.doi.org/10.1371/journal.pone.0135886
https://dx.doi.org/10.1111/ene.12579
https://dx.doi.org/10.1111/ene.12579
https://dx.doi.org/10.1172/JCI80743
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2015.3037&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534
https://dx.doi.org/10.1002/(SICI)1096-9861(19970728)384:2%3C312::AID-CNE10%3E3.0.CO;2-K
https://dx.doi.org/10.1002/(SICI)1096-9861(19970728)384:2%3C312::AID-CNE10%3E3.0.CO;2-K
https://dx.doi.org/10.1002/(SICI)1096-9861(19970728)384:2%3C312::AID-CNE10%3E3.0.CO;2-K
https://dx.doi.org/10.1016/S1474-4422(12)70059-5
https://dx.doi.org/10.1016/j.bbadis.2010.07.007
https://dx.doi.org/10.1016/j.bbadis.2010.07.007
https://dx.doi.org/10.1371/journal.pone.0075091
https://www.ncbi.nlm.nih.gov/pubmed/28537100
https://www.ncbi.nlm.nih.gov/pubmed/28537100
https://www.ncbi.nlm.nih.gov/pubmed/28537100
https://www.ncbi.nlm.nih.gov/pubmed/28537100
https://dx.doi.org/10.1212/01.WNL.0000055926.69643.03
https://dx.doi.org/10.1212/01.WNL.0000055926.69643.03
https://dx.doi.org/10.1212/01.WNL.0000098880.19793.B6
https://dx.doi.org/10.1212/01.WNL.0000142988.49341.D1
https://dx.doi.org/10.1212/WNL.0b013e3182143345
https://dx.doi.org/10.1212/WNL.0000000000004088
https://dx.doi.org/10.1212/WNL.0000000000004088
https://dx.doi.org/10.1007/s00415-009-0131-z
https://dx.doi.org/10.1007/s10072-016-2783-7
https://dx.doi.org/10.1038/s41598-017-14179-1
https://dx.doi.org/10.1212/NXI.0000000000000271
https://dx.doi.org/10.1016/j.dadm.2015.12.004
https://dx.doi.org/10.1093/brain/awf080
https://dx.doi.org/10.1093/brain/awf080
https://dx.doi.org/10.1016/j.jalz.2005.11.001
https://dx.doi.org/10.1016/j.jalz.2011.10.008
https://dx.doi.org/10.1016/j.jalz.2011.10.008
https://dx.doi.org/10.1161/01.STR.31.12.2952
https://dx.doi.org/10.1161/01.STR.31.12.2952
http://www.jamaneurology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaneurol.2019.1534

