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Attorney Docket No.: Q0052.20013US01
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
Applicant
Serial No
Date Filed
Mark

:
:
:
:

Uman Diagnostics AB
88/960633
June 11, 2020
NF-LIGHT
REQUEST FOR REMAND

Applicant hereby requests the appeal be suspended and remanded to the Examining
Attorney so that Applicant may submit a second Request for Reconsideration. Counsel for
Applicant seeks to amend the description of its goods to reclassify the underlying identification
as required by the Examining Attorney. Applicant also seeks to submit additional evidence in
support of registration.
The request is made in good faith and Applicant respectfully requests that the suspension
be granted and that the application be returned to the Examining Attorney. The attached Request
for Reconsideration and accompanying Exhibits will be submitted through the Trademark
Electronic Application System on December 20, 2021.
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DOCKET NO.: Q0052.20013US01
IN THE UNITED STATES PATENT AND TRADEMARK OFFICE
Applicant
Serial No.
Date Filed
Mark
Class No.
Examiner
Law Office

:
:
:
:
:
:
:

Uman Diagnostics AB
88/960633
June 11, 2020
NF-LIGHT
005
Lyal Fox
113
REQUEST FOR RECONSIDERATION

Applicant acknowledges the Official Action dated October 18, 2021 in the above-identified
matter. In response thereto, please amend the application as follows:
Amendment to the Identification
Please amend the application as follows:
Class 5 1: Specimen analysis kits containing reagents and assays for detecting neurological
biomarkers in biological samples, serum, blood, plasma, saliva, and cerebrospinal fluid in human
and animal samples used by medical and clinical researchers in labs and institutions
ARGUMENT
Identification of Goods
The Examining Attorney has maintained the refusal to register on the ground the
identification is indefinite and overbroad. Applicant has appropriately amended the identification.
The amended identification is within the scope of the application as filed. Therefore, Applicant
requests that the objection to the identification of goods be withdrawn.
Sections 1, 2 & 45 Refusal – Generic
The Examining Attorney has also maintained the refusal to register Applicant’s mark NFLIGHT on the ground the mark is generic for Applicant’s goods. A two-part test is used to
determine whether a mark is generic. First, the genus of goods at issue must be determined and
second, to be deemed generic, the relevant public must understand the designation primarily to
refer to that genus of goods. TRADEMARK MANUAL

OF

EXAMINING PROCEDURE (“TMEP”) §

1209.01(c)(i) (Jul. 2021). “The correct inquiry is whether the relevant public would understand
the term to be generic.” Id.
Applicant respectfully traverses the Examining Attorney’s contention that the skill,
knowledge and sophistication of the purchasers of Applicant’s products are not an appropriate
consideration in evaluating genericness. In this case, the skill and knowledge of these users is a
9894585.1

critical piece of the analysis. Who is the relevant public? And what do they understand? See
TMEP § 1209.01(c)(i).
The relevant public for Applicant’s NF-LIGHT products are scientists and researchers in
the field of brain health. These purchasers are at the forefront of the fight against intractable
diseases such as Alzheimer’s Disease, Multiple Sclerosis, and Traumatic Brain Injury. They have
a deep understanding of the relevant terms and their meanings, much more so than what a
layperson might glean from a Wikipedia entry, technical dictionary, or the like.
The materials of record – which show the usage adopted by independent third-party
purchasers with the requisite knowledge of the relevant terms – demonstrate that these purchasers
understand that NF-LIGHT is the source-identifier for Applicant’s products. This is in direct
contrast to their usage of the generic terms for the neuronal (brain) proteins that Applicant’s
products are used to detect. The fact that trademark usage has been adopted by independent third
parties – actual purchasers and users writing in the world’s most highly respected scientific
journals – makes the materials even more compelling.
In the Denial for Request for Reconsideration dated October 18, 2021, the Examining
Attorney states “the applicant has only provided three pieces of evidence showing third-party use
to refer to the applicant, which is heavily outweighed by numerous previously attached scholarly
journals referring to NF-LIGHT generically” and that each piece of evidence “is questionable at
best.”
As noted above, Applicant respectfully disagrees with these contentions. Counsel for
Applicant submitted numerous highly respected articles from leading technical journals in its
March 17, 2021 Response to Office Action showing third-party buyers associating NF-LIGHT to
Applicant.
For convenience, reattached as Exhibits A through I are articles and search results of which
were previously made of record. See Novakova, L. et al., Monitoring disease activity in multiple
sclerosis using serum neurofilament light protein, 89 NEUROLOGY 2230 (2017) attached as
Exhibit A; Kusnierova, P. et al., Neurofilament levels in patients with neurological diseases: A
comparison of neurofilament light and heavy chain levels, 33 J. CLIN. LAB. ANAL. 22948 (2019)
attached as Exhibit B; Kuhle, J. A comparative study of CSF neurofilament light and heavy chain
protein in MS, 19 MULTIPLE SCLEROSIS JOURNAL 1597 (2013) attached as Exhibit C; Gray, E. et
al., A multi-center study of neurofilament assay reliability and inter-laboratory variability, 21
AMYOTROPHIC LATERAL SCLEROSIS AND FRONTOTEMPORAL DEGENERATION
452 (2020) attached as Exhibit D; Petzold, A. Neurofilament ELISA validation, 352 J. OF

IMMUNOLOGICAL METHODS 23 (2010) attached as Exhibit E; Reyes, S. et al., CSF
neurofilament light chain testing as an aid to determine treatment strategies in MS, 7
NEUROLOGY: NEUROIMMUNOLOGY & NEUROINFLAMMATION *1 (2020) attached as
Exhibit F; Strydom, A. et al., Neurofilament light as a blood biomarker for neurodegeneration in
Down syndrome, 10 ALZHEIMER’S RESEARCH & THERAPY *1 (2018) attached as Exhibit
G;

Neurofilament

light

ELISA

Kits,

BIOCOMPARE,

https://www.biocompare.com/pfu/110627/soids/2318851/ELISA_Kit/%20neurofilament_light
(last visited Dec. 14, 2021) attached as Exhibit H; Ashton, N. et al., A multicentre validation study
of the diagnostic value of plasma neurofilament light, 12 NATURE COMMUNICATIONS 1
(2021) attached as Exhibit I. Each of these previously submitted exhibits demonstrates third
parties referring to NF-LIGHT in connection with Applicant. This is far more than “three pieces
of evidence.”
In addition, the search results from Biocompare’s website (which the Examining Attorney
partially referenced in the September 17, 2020 Office Action, p. 15) attached herewith as Exhibit
H. Out of 142 products (available across 16 suppliers) identified in the search, only one of the
listings references NF-LIGHT and very clearly refers to the term as a trademark.
Moreover, these references are highly probative as they are written by leading authors in
Applicant’s industry and published in well regarded, peer-reviewed journals. Authors of these
publications are the researchers purchasing Applicant’s NF-LIGHT products (i.e., the “relevant
purchasing public”). See TMEP § 1209.01(c)(i).
It is worth emphasizing the highly respected and prestigious nature of the journals which,
along with the skill and knowledge of their authors, only adds to their probity. Indeed, the nature
of these journals is that accuracy and precision are not only important, they are essential. In these
journals, the authors carefully call out NF-LIGHT as Applicant’s mark. For instance, Exhibits A
and F are publications from Neurology which is the leading source for medical and clinical
researchers within Applicant’s field. See NEUROLOGY, https://n.neurology.org/ (last visited Dec.
19, 2021) (“[t]he most widely read and highly cited peer-reviewed neurology journal”) attached as
Exhibit J. In other words, Neurology is generally considered one of the most prestigious
publications in the country to those practicing in the field. The articles from Neurology refer to
Applicant as the source of the NF-LIGHT product and NFL as the abbreviation for neurofilament
light. See Exhibit A, “[t]he CSF NFL concentration was measured with the UmanDiagnostics

NF-light enzyme-linked immunosorbent assay,” and Exhibit F at n.18, “IBL International. 1 NFlight®.”
The

other

journals

referenced

include

Neurology:

Neuroimmunology

&

Neuroinflammation, Nature Communications, the Multiple Sclerosis Journal, the Journal of
Immunological Methods, Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration,
Alzheimer’s Research and Therapy, and BioCompare. This evidence makes clear that the relevant
purchasing public, readers of and contributors to the most prestigious and highly regarded, peerreviewed journals in Applicant’s industry, understands NF-LIGHT to refer to Applicant’s
products, and not as a generic term.
Furthermore, the Examining Attorney purports that Applicant’s evidence “is questionable
at best.” Again, Applicant must respectfully disagree. The Examining Attorney asserts that one
article “confusingly references the trademark only in parentheses directly after using the term
generically,” another gives “the impression that [the] author does not believe NF-LIGHT is a
significant source identifier alone and therefore included UmanDiagnostics to help identify
source,” and another “improperly uses the registered trademark symbol, as the applicant has never
had a registered trademark for these goods.” The Examining Attorney’s reasoning for why
Applicant’s evidence is “questionable at best” is unclear. Applicant has no control over how third
parties reference its products. The fact that third parties choose to mention Applicant’s name
reinforces the strength of Applicant’s mark. The Examining Attorney has provided no evidence
that because Applicant’s name is included before its mark means that the author believes the mark
is not significant as a source identifier alone. Such an assumption is improper, especially since it
is very common to list the manufacturer of products similar to those of the Applicant within the
scientific and medical research industry (see September 27, 2021 Response to Office Action pp.
3-4). Additionally, inadvertent third-party use of the registration symbol in connection with
Applicant’s trademark also has no bearing on the legitimacy of Applicant’s evidence. If anything,
mistaken use of the registration symbol by third parties only reaffirms the fact that they perceive
NF-LIGHT as a trademark.
The Examining Attorney then goes on to assert that “a search results summary from an
Internet search engine has limited probative value because such a list does not show the context in
which the term or phrase is used on the listed web pages and may not include sufficient surrounding
text to show the context within which the term or phrase is used.” Accordingly, Applicant submits

1

IBL International GmbH is Applicant’s distributor of NF-LIGHT products.

herewith 14 additional articles found through the literature search results. These articles further
demonstrate third-party use of NF-LIGHT as a trademark in reference to Applicant’s products.
See Rohrer, J. et al., Serum neurofilament light chain protein is a measure of disease intensity in
frontotemporal dementia, 87 NEUROLOGY 1329 (2016) attached as Exhibit J; Shahim, P. et al.,
Serum neurofilament light protein predicts clinical outcome in traumatic brain injury, SCIENTIFIC
REPORTS, DOI: 10.1038/srep36791 (2016) attached as Exhibit K; McKeon, A. et al., Neuronal
intermediate filament IgGs in CSF: Autoimmune Axonopathy Biomarkers, 8 ANNALS OF CLINICAL
AND TRANSLATIONAL NEUROLOGY

425 (2020) attached as Exhibit L; Li, J. et al., Cerebrospinal

fluid a-synuclein predicts neurodegeneration and clinical progression in non-demented elders, 9
TRANSLATIONAL NEURODEGENERATION 41 (2020) attached as Exhibit M; Delaby, C. et al.,
Differential levels of Neurofilament Light protein in cerebrospinal fluid in patients with a wide
range of neurodegenerative disorders, 10 SCIENTIFIC REPORTS 9161 (2020) attached as Exhibit
N; Howell, J. et al., Race modifies the relationship between cognition and Alzheimer’s disease
cerebrospinal fluid biomarkers, 9 ALZHEIMER’S RESEARCH & THERAPY 88 (2017) attached as
Exhibit O; Krause, K. et al., CSF Diagnostics: A Potentially Valuable Tool in Neurodegenerative
and Inflammatory Disorders Involving Motor Neurons: A Review, 11 DIAGNOSTICS 1522 (2021)
attached as Exhibit P; Vogt, N. et al., The gut microbiota-derived metabolite trimethylamine Noxide is elevated in Alzheimer’s disease, 10 ALZHEIMER’S RESEARCH & THERAPY 124 (2018)
attached as Exhibit Q; Albanese, M. et al., Cerebrospinal fluid lactate is associated with multiple
sclerosis disease progression, 13 JOURNAL

OF

NEUROINFLAMMATION 36 (2016) attached as

Exhibit R; Niemela, V. et al., Tau or neurofilament light—Which is the more suitable biomarker
for Huntington’s disease?, 12 PLOS ONE, doi: 10.1371/journal.pone.0172762 (2017) attached as
Exhibit S; Ru, Y. et al., Neurofilament light is a treatment-responsive biomarker in CLN2 disease,
6 ANNALS OF CLINICAL AND TRANSACTIONAL NEUROLOGY 2437 (2019) attached as Exhibit T;
Vallabh, S. et al., Cerebrospinal fluid and plasma biomarkers in individuals at risk for genetic
prion disease, 18 BMC MEDICINE 140 (2020) attached as Exhibit U; Emma Louise Robertson,
Characterizing Neurodegenerative Disease Biomarkers in Cerebrospinal Fluid of Non-Human
Primates (April 2021) (unpublished Master of Science thesis, Queen’s University) (on file with
Queen’s University) attached as Exhibit V; and Mattsson, N. et al, Cerebrospinal fluid tau,
neurogranin, and neurofilament light in Alzheimer’s disease, 8 EMBO MOLECULAR MEDICINE
1184 (2016) attached as Exhibit W. Once more, these references are articles from well-respected
and widely read, peer-reviewed journals in Applicant’s industry. They clearly display that the

relevant purchasing public of Applicant’s products understand NF-LIGHT as a source indicator
for Applicant’s goods and not as an abbreviation for neurofilament light.
Applicant has now provided the Examining Attorney with at least 23 pieces of evidence of
third parties clearly referencing NF-LIGHT in connection with Applicant’s products. Not only is
this more than double the amount of evidence the Examining Attorney submitted of generic use of
the term “Nf light) (see pp. 25-36 Office Action dated March 27, 2021), but these articles are
published in the most well-regarded and prestigious journals in Applicant’s industry. Together,
the evidence of record constitutes just the type of mixed record that refutes the claim that the mark
at issue is generic. See, e.g., In re Am. Online, Inc., 77 USPQ2d 1618 (TTAB 2006) (in light of
the mixed record, the USPTO failed to prove genericness by the requisite clear evidence); In re
Merrill Lynch, Pierce, Fenner & Smith, Inc., 828 F.2d 1567, 4 U.S.P.Q.2d 1141 (Fed. Cir. 1987)
(finding the USPTO failed to meet its burden of showing a proposed mark is generic in cases where
there is a “mixed record”).
Since any doubt regarding the issue of genericness should be resolved on an applicant’s
behalf, Applicant respectfully submits that its mark NF-LIGHT for “specimen analysis kits
containing reagents and assays for detecting neurological biomarkers in biological samples, serum,
blood, plasma, saliva, and cerebrospinal fluid in human and animal samples used by medical and
clinical researchers in labs and institutions” is not generic, and the refusal on that ground should
be withdrawn.
Furthermore, Applicant maintains its claim to registration under Section 2(f). Applicant
also maintains its request in the alternative – should the mere descriptiveness refusal be maintained
and without conceding to the correctness of the Examining Attorney’s refusals – that this
application be amended to seek registration on the Supplemental Register.
MISCELLANEOUS
If it is convenient for the Examining Attorney and if it is believed a telephone conference
will further the prosecution of this application, Applicant’s undersigned counsel encourages a
telephone call from the Examining Attorney.
CONCLUSION
In view of the foregoing, Applicant submits that the application is in condition for
publication. Such action is solicited.
x12/20/21x

EXHIBIT A

Monitoring disease activity in multiple
sclerosis using serum neurofilament light
protein
Lenka Novakova, MD
Henrik Zetterberg, MD,
PhD
Peter Sundström, MD,
PhD
Markus Axelsson, MD,
PhD
Mohsen Khademi, PhD
Martin Gunnarsson, MD,
PhD
Clas Malmeström, MD,
PhD
Anders Svenningsson,
MD, PhD
Tomas Olsson, MD, PhD
Fredrik Piehl, MD, PhD
Kaj Blennow, MD, PhD
Jan Lycke, MD, PhD

Results: In MS, the correlation between serum and CSF NFL was r 5 0.62 (p , 0.001). Serum
concentrations were significantly higher in patients with relapsing-remitting MS (16.9 ng/L) and
in patients with progressive MS (23 ng/L) than in HCs (10.5 ng/L, p , 0.001 and p , 0.001,
respectively). Treatment with DMT reduced median serum NFL levels from 18.6 (interquartile
range [IQR] 12.6–32.7) ng/L to 15.7 (IQR 9.6–22.7) ng/L (p , 0.001). Patients with relapse
or with radiologic activity had significantly higher serum NFL levels than those in remission
(p , 0.001) or those without new lesions on MRI (p , 0.001).

Correspondence to
Dr. Novakova:
lenka.novakova@vgregion.se

Conclusions: Serum and CSF NFL levels were highly correlated, indicating that blood sampling
can replace CSF taps for this particular marker. Disease activity and DMT had similar effects
on serum and CSF NFL concentrations. Repeated NFL determinations in peripheral blood for detecting axonal damage may represent new possibilities in MS monitoring. Neurology®

ABSTRACT

Objective: To examine the effects of disease activity, disability, and disease-modifying therapies
(DMTs) on serum neurofilament light (NFL) and the correlation between NFL concentrations in
serum and CSF in multiple sclerosis (MS).

Methods: NFL concentrations were measured in paired serum and CSF samples (n 5 521) from
373 participants: 286 had MS, 45 had other neurologic conditions, and 42 were healthy controls
(HCs). In 138 patients with MS, the serum and CSF samples were obtained before and after DMT
treatment with a median interval of 12 months. The CSF NFL concentration was measured with
the UmanDiagnostics NF-light enzyme-linked immunosorbent assay. The serum NFL concentration was measured with an in-house ultrasensitive single-molecule array assay.

2017;89:2230–2237
GLOSSARY
AUC 5 area under the curve; CI 5 confidence interval; DMT 5 disease-modifying therapy; EDSS 5 Expanded Disability
Status Scale; ELISA 5 enzyme-linked immunosorbent assay; HC 5 healthy control; INDC 5 control with inflammatory
neurologic disease; LLoQ 5 lower limit of quantification; MS 5 multiple sclerosis; NEDA 5 no evidence of disease activity;
NFL 5 neurofilament light; OND 5 other neurologic disorder or symptom; ROC 5 receiver operating characteristic; RRMS 5
relapsing-remitting multiple sclerosis; Simoa 5 single-molecule array.

Supplemental data
at Neurology.org

Neurofilament light (NFL) protein is one of the most studied biomarkers of disease activity and
treatment response in patients with multiple sclerosis (MS). Neurofilaments are structural components of myelinated axons that are composed of subunits known as light, medium, heavy,
a-internexin, and peripherin. Neurofilaments are released into the CSF after axonal injury1
during various neurologic disorders, including MS.2
In MS, the concentration of CSF NFL is increased during relapse and in conjunction with
contrast-enhancing lesions on MRI.3–6 The concentration is decreased by effective treatment
with disease-modifying therapies (DMTs).3,4,7 The CSF NFL concentration at disease onset may
From the Department of Clinical Neuroscience (L.N., M.A., C.M., J.L.) and Department of Psychiatry and Neurochemistry (H.Z., K.B.), Institute
of Neuroscience and Physiology at Sahlgrenska Academy, University of Gothenburg; Clinical Neurochemistry Laboratory (H.Z., K.B.), Sahlgrenska
University Hospital, Mölndal, Sweden; Department of Molecular Neuroscience (H.Z.), UCL Institute of Neurology, London, UK; Department of
Pharmacology and Clinical Neuroscience (P.S.), Umeå University; University Department of Clinical Neuroscience (M.K., T.O., F.P.), Neuroimmunology Unit, and Department of Clinical Sciences (A.S.), Danderyd Hospital, Karolinska Institutet, Stockholm; and Department of
Neurology (M.G.), Faculty of Medicine and Health, Örebro University, Sweden.
Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.
The Article Processing Charge was funded by Swedish Research Council.
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0 (CC BY), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Sweden. The aims were to investigate the correlation between serum and CSF NFL concentrations and to investigate the effects of disease
activity, disability, and DMTs on serum NFL
concentrations in MS.

predict disease severity.8,9 The sensitivity of
the immunoassay has been improved, making
it possible to determine NFL levels as low as
those found in the CSF of healthy controls
(HCs).1
Recent technical developments have given
rise to ultrasensitive antibody-based analytic
techniques such as the single-molecule array
(Simoa) technology, which enables quantification of protein biomarkers in blood samples at
very low concentrations.10 We recently developed a Simoa method for NFL in blood samples (serum or plasma) that has markedly
improved analytic sensitivity compared to
standard enzyme-linked immunosorbent assay
(ELISA) or electrochemiluminescence immunoassays, allowing accurate measurement of
NFL in blood down to concentrations occurring in healthy persons.11 Using the Simoa
assay, blood NFL has shown promise as a biomarker for HIV encephalopathy,12 severe traumatic brain injury,13 sports-related mild
traumatic brain injury,14 postconcussion syndrome,15 and MS.16
Currently, we are still lacking a reliable
blood biomarker for evaluating CNS injury
in MS. In this study, NFL concentrations were
measured in 521 paired serum and CSF samples collected at 4 university hospitals in
Table

METHODS Patients and HCs. Patients with MS (n 5 286)
fulfilling the revised McDonald criteria,17 patients with other
neurologic disorders or symptoms (ONDs, n 5 45), and HCs
(n 5 42)18 were consecutively enrolled in the study at the neurology departments of 4 Swedish hospitals: Umeå University
Hospital, Umeå; Sahlgrenska University Hospital, Gothenburg;
Karolinska University Hospital, Stockholm; and Örebro University Hospital, Örebro (table).
The 286 patients with MS consisted of 204 with relapsingremitting MS (RRMS) and 82 with progressive MS; the latter
group included 19 with primary progressive MS and 63 with secondary progressive MS. A subgroup of these patients (n 5 148),
including 98 with RRMS and 50 with progressive MS, were
followed up prospectively and examined before and again after
a median of 12 months (range 0–46 months). A small proportion
remained untreated (n 5 10), and the remaining (n 5 138) were
treated with the following DMTs: glatiramer acetate (n 5 2),
glatiramer acetate plus mitoxantrone (n 5 1), interferon-b (n 5
3), oral weekly methotrexate (n 5 7), mitoxantrone (n 5 15),
fingolimod (n 5 21), rituximab (n 5 23), natalizumab (n 5 63),
alemtuzumab (n 5 2), and cyclophosphamide (n 5 1). In conjunction with baseline sampling, most patients escalated their
DMT (n 5 68) from less effective DMTs (interferon-b, glatiramer acetate, high doses of IV immunoglobulin, or oral weekly
methotrexate) to more effective DMTs (alemtuzumab, cyclophosphamide, fingolimod, glatiramer acetate plus mitoxantrone,
mitoxantrone, natalizumab, or rituximab).19 A second group of
patients were not being treated at the time of sampling and either
were treatment naive (n 5 36) or had a prior treatment

Demographic data and NFL concentrations of patients and controls
Age, mean
(range), y

M/F, n

Serum NFL, median
(range), ng/L

CSF NFL, median
(range), ng/L

EDSS, mean/
median (range)

MSSS, mean/
median (range)

Disease activity, %

HCs (n 5 42)

28 (20–58)

25/17

10.5 (2.8–62.7)

205 (80–1,300)

NA

NA

NA

SCs (n 5 14)

40 (22–65)

4/10

6.8 (3.5–17.9)

295 (140–650)

NA

NA

NA

NINDCs (n 5 16)

34 (20–71)

8/8

7.2 (3.7–20.8)

270 (85–790)

NA

NA

NA

INDCs (n 5 15)

54 (32–73)

8/7

16.2 (5.1–410)

1,170 (260–10,980)

NA

NA

NA

37 (14–64)

61/143

16.9 (1.6–1,480)

730 (130–111,920)

2.6/2.5 (0–8.5)

4.29/4.13 (0.16–9.98)

58

Before treatment

35 (14–60)

34/64

16.9 (1.9–420)

680 (133–27,310)

2.7/2.5 (0–6.5)

4.28/3.90 (0.16–9.08)

58

After treatment

36 (15–61)

34/64

12.1 (2.2–40.4)

370 (130–2,790)

2.4/2.5 (0–6.5)

3.45/3.07 (0.10–9.08)

17

48 (22–73)

37/45

23 (5.6–310)

770 (300–12,900)

5.4/6.0 (2.0–8.5)

6.49/6.74 (1.12–9.97)

37

Before treatment

48 (22–67)

25/25

23.6 (10.8–313)

844 (302–12,900)

5.6/6.0 (2.5–8.5)

7.00/7.18 (1.26–9.97)

45

After treatment

49 (24–68)

25/25

22.7 (10–180)

630 (280–24,420)

5.6/6.0 (3.0–8.5)

6.45/6.58 (1.45–9.89)

16

RRMS
All (n 5 204)
Follow-up (n 5 98)

Progressive MS
All (n 5 82)
Follow-up (n 5 50)

Abbreviations: HC 5 healthy control; INDC 5 control with inflammatory disease; MS 5 multiple sclerosis; MSSS 5 Multiple Sclerosis Severity Score; NA 5
not available; NFL 5 neurofilament light; NINDC 5 control with noninflammatory disease control; RRMS 5 relapsing-remitting multiple sclerosis; SC 5
symptomatic control.
Neurology 89
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terminated .3 months previously (n 5 14). A third group
(n 5 20) had changed to another DMT with similar efficacy
because of adverse effects or unsatisfactory adherence.
Participants with ONDs served as controls and were divided
according to established definitions18 into those with inflammatory neurologic diseases (INDCs, n 5 15), including CNS vasculitis (n 5 2), giant cell arteritis (n 5 1), antiphospholipid
antibody syndrome (n 5 1), systemic lupus erythematosus
(n 5 1), neuroborreliosis (n 5 1), sarcoidosis (n 5 3), chronic
lymphatic leukemia with CNS involvement (n 5 1), myelitis
(n 5 1), neuromyelitis optica spectrum disorders (n 5 1), and
unspecified demyelinating disease (n 5 3); those with noninflammatory neurologic diseases (n 5 16), including psychosis (n 5
14), epilepsy (n 5 1), and Horner syndrome (n 5 1); and symptomatic controls (n 5 14), including those with sensory symptoms (n 5 6), headache (n 5 2), dizziness (n 5 1), fatigue (n 5
2), visual disturbance (n 5 1), and unspecified neurologic symptoms (n 5 2).
Healthy blood donors and university students served as HCs
(n 5 42). None of the HCs had any neurologic signs or history of
neurologic disease.

Clinical assessments and MRI. Patients were assessed once
(n 5 138) or were followed up prospectively and assessed twice
(n 5 148) by clinical neurologic examination performed by MSspecialized neurologists. Disability was scored by the Expanded
Disability Status Scale (EDSS),20 and disease severity was scored
by the Multiple Sclerosis Severity Score.21 A relapse was defined as
an episode of neurologic disturbance lasting for at least 24 hours
that could not be better explained by another cause.22
A standard MRI protocol for MS with IV gadolinium (Gd) as
contrast was used. Because Gd enhancement on MRI appears in
the majority of cases during a period of up to 6 weeks (mean 3.07
weeks),17 we chose to include only MRIs performed 6 weeks
before or after lumbar puncture and peripheral blood test

Figure 1

Serum NFL concentrations in patients with MS at baseline and followup and in HCs

(n 5 324) to investigate the influence of disease activity on
MRI. The disease activity was defined as a relapse or Gdenhancing lesion. Because of the absence of data for T2 lesions
on MRI, we used a modified no evidence of disease activity
(NEDA)23: absence of contrast-enhancing lesions on MRI,
absence of confirmed disability progression defined as the absence
of increased posttreatment disability by 1.0 if the EDSS score was
0 to 5.5 at baseline or by 0.5 if the EDSS score was $6.0 at
baseline, and absence of relapses.24

Blood tests and CSF sampling. Samples of peripheral blood
and CSF were obtained at the clinical assessments. The CSF samples were handled according to the consensus protocol of the
BioMS-EU network for CSF biomarker research in MS.25 In
patients with MS, the sampling period was dichotomized between
relapse and remission. The relapse period was the time between
relapse onset and 3 months later because increased concentrations
of NFL are expected within this period of time.5,16
NFL analysis. All measurements were performed by boardcertified laboratory technicians in the Clinical Neurochemistry
Laboratory at the Sahlgrenska University Hospital, i.e., by laboratory technicians who are licensed to perform clinical laboratory
measurements by the National Board of Health and Welfare,
a government agency in Sweden under the Ministry of Health
and Social Affairs.
The concentration of NFL in CSF was measured with a sensitive
sandwich ELISA method (NF-light ELISA kit; UmanDiagnostics
AB, Umeå, Sweden) according to the ELISA kit instructions. The
lower limit of quantification (LLoQ) of the assay was 31 ng/L. The
intra-assay and interassay coefficients of variation were ,10%.
The concentration of NFL in serum was determined with the
NF-light assay, which was adapted for the Simoa platform with
a Homebrew Kit (Quanterix Corp, Boston, MA). The LLoQ,
which was determined by the blank mean signal at 610 SD,
was 1.95 ng/L. All samples were measured in duplicate and were
well above the LLoQ. The intra-assay and interassay coefficients
of variation were ,10%. The method is described in detail
elsewhere.26
Statistical analysis. Statistical calculations were performed with
IBM SPSS Statistics 21 software (IBM Corp, Armonk, NY).
Because of the nonnormal distribution of serum and CSF NFL
levels, the analyses were performed with nonparametric tests,
the Kruskal-Wallis test for comparison of multiple groups, and
the Mann-Whitney test for comparison of 2 groups. The results
are presented as median NFL levels and interquartile range.
Correlations between serum and CSF NFL levels were analyzed
with the Spearman rank correlation coefficient. The receiver
operating characteristic (ROC) curve estimation was performed
with the assumption of nonparametric distribution. The sensitivity and specificity were calculated by the Youden index, expressed as sensitivity 1 specificity 21, to calculate optimal
cutoffs that maximize both sensitivity and specificity.
Standard protocol approvals, registrations, and patient
consents. All patients and controls participated voluntarily in the
study and provided written informed consent. The regional ethics
review boards in Uppsala and Stockholm, Sweden, approved the
study.

Serum NFL concentrations at baseline and follow-up in patients with MS who remained
untreated, in patients with MS who initiated treatment with DMTs, in patients with MS
who escalated DMT to more effective therapy, in patients with MS who changed treatment
between DMTs of similar efficacy, and in HCs. The figure shows median and 95% confidence
interval of serum NFL concentrations. DMT 5 disease-modifying therapy; HC 5 healthy
control; MS 5 multiple sclerosis; NFL 5 neurofilament light.
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RESULTS Comparison of serum and CSF NFL levels in
patients with MS and controls. A total of 521 paired

CSF and serum samples were analyzed. Serum and
CSF NFL concentrations were significantly higher
in patients with MS than in HCs (p , 0.001 and

p , 0.001, respectively) and in controls with noninflammatory neurologic disease and symptomatic
controls (p , 0.001 and p , 0.001, respectively).
No difference was found between serum NFL concentrations in INDCs vs patients with MS, whereas
CSF NFL concentrations were higher in INDCs than
in patients with MS (p 5 0.019, table). NFL concentrations in serum and CSF were higher in patients
with RRMS with disease activity than in those without disease activity (p , 0.001 and p , 0.001,
respectively). NFL concentrations in serum and
CSF were also higher in patients with progressive
MS with disease activity than in those without activity (p 5 0.009 and p , 0.001, respectively; table).
Effect of treatment on NFL levels in patients with MS. In

untreated patients who initiated DMT, median NFL
concentrations in serum decreased from 22.7 (17.5–
39.1) to 20.2 (13.7–28.9) ng/L (p 5 0.002), and
CSF NFL concentrations decreased from 907 (564–
1,608) to 460 (350–675) ng/L (p , 0.001). In patients who escalated their DMT to more effective
therapy, serum NFL concentrations decreased from
17.7 (11.8–25.6) to 12.4 (8.3–19.7) ng/L (p ,
0.001), and CSF NFL concentrations decreased from
650 (406–1,220) to 376 (242–623) ng/L (p ,
0.001). The patients who remained untreated at
follow-up had unchanged serum and CSF NFL
concentrations between the sampling time points:
Figure 2

Serum NFL concentrations in patients with MS with different numbers
of Gd-enhancing lesions

26.1 (12.1–52) vs 26 (11.6–53.8) ng/L (p 5 0.515)
for serum and 1,003 (631–1,529) vs 600 (451–
1,177) ng/L (p 5 0.285) for CSF. Patients who
changed treatment between DMTs with similar efficacy had stable serum and CSF NFL concentrations
between the sampling time points: 15.7 (11–21.1) vs
15.4 (9.1–18.3) ng/L (p 5 0.247) for serum and 565
(375–863) vs 464 (338–660) ng/L (p 5 0.086) for
CSF (figure 1).
Relationship of NFL levels to disability, disease severity,
and clinical and radiologic disease activity. Patients

with a relapse (n 5 86) within 3 months before
sampling had higher NFL concentrations in serum
of 19.1 (12.4–38.3) ng/L and in CSF of 925 (478–
2,155) ng/L than patients in remission (n 5 346),
who had NFL concentrations in serum of 17.2
(11.4–25.4) ng/L and in CSF of 570 (370–927)
ng/L (p 5 0.043 and p , 0.001, respectively).
CSF NFL and serum NFL levels against the time
from relapse onset are shown in figures e-1 and e-2
at Neurology.org. Serum and CSF NFL concentrations
correlated weakly with EDSS (r 5 0.380, 95% confidence interval [CI] 0.297–0.457, p , 0.001; and r 5
0.243, 95% CI 0.153–0.329, p , 0.001, respectively)
and with Multiple Sclerosis Severity Score (r 5 0.392,
95% CI 0.310–0.468, p , 0.001; and r 5 0.340,
95% CI 0.255–0.420, p , 0.001, respectively).
Patients with Gd-enhancing lesions (n 5 88) had
higher serum and CSF NFL concentrations (22.8
[14.7–41.3] and 1,187 [708–2,166] ng/L) than patients without Gd-enhancing lesions (n 5 236, 16.8
[10.5–24.6] and 499 [330–795] ng/L, p , 0.001 and
p , 0.001, respectively). Serum and CSF NFL concentrations increased with the number of Gdenhancing lesions (figure 2). Among the treated
patients fulfilling the modified NEDA (n 5 77),
81.3% had normal levels of CSF NFL and 67.5%
had normal levels of serum NFL.
Correlation between serum and CSF NFL concentrations,
possible confounding factors, and sensitivity and
specificity of serum NFL concentrations for disease
activity. Correlations between serum and CSF NFL

Serum NFL concentration in patients with no Gd-enhancing lesions (n 5 236) was 16.8 (IQR
10.5–24.6) ng/L, with 1 Gd-enhancing lesion (n 5 30) was 21.3 (IQR 12.8–36.5) ng/L, with 2
Gd-enhancing lesions (n 5 24) was 31.9 (IQR 14.5–39.9) ng/L in serum, and with $3 Gd-enhancing lesions (n 5 34) was 31.9 (IQR 17.4–55.6) ng/L. Box indicates IQR; bar indicates median, and
whiskers indicate 95% confidence interval. Extreme values are marked with open dots (61.5 3
IQR) or with asterisks (63 3 IQR). IQR 5 interquartile range; MS 5 multiple sclerosis; NFL 5
neurofilament light.

were r 5 0.620 (95% CI 0.558–0.675, p ,
0.001) for patients with MS, r 5 0.385 (95% CI
0.092–0.616, p , 0.001) for HCs, and r 5 0.740
(95% CI 0.571–0.849, p , 0.001) for patients with
OND (figure 3, A–C). Disease duration, age, and sex
did not significantly influence CSF or serum NFL
concentrations. In 158 patients with MS, CSF/serum
albumin ratio, which is a biomarker for blood-brain
barrier integrity, did not correlate with NFL
concentration.
The arbitrary cutoff value for increased NFL concentration in serum was defined as 18.2 ng/L, which
is 2 SDs above the mean NFL concentration in HCs.
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Figure 3

Correlation between serum and CSF NFL in patients with MS, HCs, and
patients with ONDs

Correlation between NFL concentrations in serum and CSF (A) in patients with MS was r 5
0.620 (95% CI 0.558–0.675, p , 0.001), (B) in HCs was r 5 0.385 (95% CI 0.092–0.616,
p , 0.001), and (C) in patients with OND was r 5 0.740 (95% CI 0.571–0.849, p , 0.001).
CI 5 confidence interval; HC 5 healthy control; MS 5 multiple sclerosis; NFL 5 neurofilament
light; OND 5 other neurological disorder or symptom.
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The age-dependent changes of CSF NFL were calculated by subtracting the expected level for the given
age following the linear relationship reported in
healthy individuals (i.e., 11.8 ng/L 3 age 2 95
ng/L)27 from the measured NFL level.
The number of patients with RRMS with disease activity, along with the number of patients
with RRMS with elevated NFL concentrations in
serum and in CSF, was used to calculate sensitivity
and specificity. Patients with progressive MS were
excluded because increased NFL concentration in
this group may be due to other degenerative processes and may not be confined to inflammatory
activity. Patients with RRMS without disease activity had normal serum NFL concentrations in
93.4% of the cases and normal CSF NFL concentrations in 80% of the cases. To evaluate the value
of increased NFL concentration in serum and CSF
as a screening test for disease activity in RRMS,
a ROC curve was constructed (figure 4). The area
under the curve (AUC) for serum NFL was 0.663
(95% CI 0.591–0.735, 80% specificity and 45%
sensitivity), and the AUC for CSF NFL was 0.774
(95% CI 0.714–0.835, 75% specificity and 67%
sensitivity).
In patients with RRMS, 6.8% of serum samples
and 32.4% of CSF samples were higher than the
NFL cutoff level for those on higher-efficacy DMTs;
the corresponding values in patients with RRMS on
less efficacious DMTs were 12.6% and 37.8%.
DISCUSSION The data in this study are based on
a large set of paired serum and CSF samples from
a real-life cohort of patients across a wide clinical
and therapeutic spectrum. They support serum NFL
as a biomarker for monitoring disease activity and
treatment intervention in MS. We found that serum
and CSF NFL concentrations were highly correlated
and reacted similarly during the different stages of MS
and in response to treatment with DMTs. High
serum and CSF NFL concentrations were associated
with relapse and with the number of contrastenhancing lesions on MRI. This was not confined
to RRMS but was also found in patients with progressive disease course.
The effect of DMT on serum and CSF NFL concentrations was evaluated in all patients with MS
regardless of whether the patients were treatment
naive or on DMT at baseline. We confirmed that
CSF NFL concentrations remained stable in patients
who remained untreated or who switched treatment
to DMT with similar efficacy, and NFL decreased
in patients after initiating DMT or switching from
first-line to second-line DMT.4,7 This response was
also valid for serum NFL. Thus, the DMT efficacy
was reflected by NFL concentrations, and serum NFL

Figure 4

ROC curve showing specificity and sensitivity of NFL in serum and CSF
for disease activity

ROC curve with AUC for NFL in serum and CSF indicating specificity and sensitivity to discriminate patients with MS with disease activity from patients with MS without disease
activity. AUC for serum NFL was 0.663 (95% CI 0.591–0.735, 80% specificity and 45%
sensitivity) and for CSF NFL was 0.774 (95% CI 0.714–0.835, 75% specificity and 67%
sensitivity). AUC 5 area under the curve; CI 5 confidence interval; MS 5 multiple sclerosis;
NFL 5 neurofilament light; ROC 5 receiver operating characteristic.

was as reliable as CSF NFL. Moreover, in patients
with RRMS who were treated with effective DMT,
we confirmed our previous finding in CSF that the
NFL concentration in serum was not different from
that in HCs.4,7
Because of its high specificity, normal concentration of serum NFL could be a useful measure for surveillance of subclinical activity in RRMS. Thus,
a normal serum NFL concentration argues strongly
against ongoing disease activity. In contrast, increased
NFL concentrations occurred in patients who were
clinically stable and who did not have contrastenhancing lesions on cerebral MRI. New T2 lesion
formation may influence the NFL concentration,28,29
and the absence of T2 lesion data in our material
probably affected the sensitivity of serum NFL to
detect disease activity. However, spinal cord lesions,
diffuse tissue injury of normal-appearing white matter,2 and gray matter pathology30 may also contribute
to axonal injury. Thus, serum NFL may reveal
asymptomatic ongoing axonal injury that is not seen
on cerebral MRI.
NFL determination can detect axonal damage that
occurred up to 3 months before sampling.5,6 Again,
the high correlation between serum and CSF NFL
suggests that the temporal course of serum NFL is
similar to that described for CSF NFL.5,6,16 However,
this has to be further investigated in prospective studies. In monitoring of the effect of DMT on axonal

damage, a 3-month interval between blood tests for
monitoring serum NFL would reveal the occurrence
of new disease activity.4,5,16 However, we cannot
determine from our data whether this would detect
a stepwise accumulation of T2 lesions, accumulation
of disability, or conversion to a progressive disease
course. There is a need for long-term follow-up studies to collect data on the correlation between NFL
concentrations over time and such outcomes.
The NFL concentration is related to the magnitude and rate of axonal damage and does not indicate
the nature of the pathologic process. Compared with
clinical measures and MRI, NFL determinations add
new information that other methods may not be able
to reveal. Even if fulfilling the modified NEDA, a proportion of patients still had elevated levels of NFL.
Thus, NFL may contribute to NEDA for accessing
disease-free status, and NFL and other body fluid biomarkers as complements to current clinical and MRI
measures might improve the assessment of disease
activity in MS.31
Although there is robust evidence supporting the
CSF NFL concentration as a clinically useful biomarker, the need for lumbar puncture constitutes
a major barrier for more widespread use, especially
when repeat lumbar punctures are needed. Here,
we show that serum and CSF NFL levels were highly
correlated in MS and that this relationship also was
present in HCs, i.e., throughout the entire detection
range of the assays. The different degree of correlation
in previous studies11,12,16 compared to this study
probably depends on the use of various clinical materials and statistical methods, i.e., parametric tests or
log-transformed data. We also confirmed the high
correlation between serum and CSF NFL levels in
patients with OND as in previous studies on traumatic injury15 and HIV encephalitis.12
Because of the multiple treatment options, it is
increasingly important to accurately identify patients
with MS with insufficient treatment response. Our
data suggest that measuring serum NFL may be useful in trials and in clinical practice for evaluating the
effect of DMTs in MS. Thus, in combination with
clinical and MRI monitoring, serum NFL can add
valuable new information that will facilitate the monitoring of disease activity and treatment decisions
in MS.
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Abstract
Background: Neurofilaments are the major cytoskeletal components of neurons, and
cell injury leads to their release into the surrounding area. The aim of this study was
to compare the cerebrospinal fluid (CSF) and serum (S) concentrations of neurofila‐
ment light chains (NFLs) and phosphorylated neurofilament heavy chains (pNFHs).
Methods: Neurofilament concentrations were measured in CSF and S samples from
172 patients using three enzyme‐linked immunosorbent assays. Excel, Stata version
13, MedCal version 17.9.7., and NCSS 2007 software were used for the statistical
analysis.
Results: There was a statistically significant correlation between the concentrations
of CSF NFL and CSF pNFH (rs = 0.748; n = 89; P < 0.001), but Passing‐Bablok regres‐
sion showed systematic deviation between the values obtained using the two assays.
This indicates that the assays were not interchangeable. CSF pNFH and S pNFH con‐
centrations showed low correlation. The kappa statistic showed moderate conform‐
ity between CSF pNFH and CSF NFL concentrations (κ = 0.556).
Conclusions: The CSF NFL and CSF pNFH assays gave clinically consistent results
that reflected the degree of axonal damage, independent of any particular neurologi‐
cal diagnosis. The S pNFH assays had a lower predictive value due to the low correla‐
tion coefficient and the kappa index of the CSF pNFH method.
KEYWORDS

axonal damage, cerebrospinal fluid, enzyme‐linked immunosorbent assay, neurofilament,
neurological disease

1 | I NTRO D U C TI O N

heavy (NFH) chain subunits plus an unstable alpha‐internexin sub‐
unit. These subunits have different molecular weights and functional

Neurofilaments (NFs) are the main structural proteins of neurons

properties. The NFL gene is on chromosome 8p21, and the NFL pro‐

and are members of the class IV intermediate filament protein family.

tein, which has a molecular mass of 61.5 kDa, consists of 543 amino

NFs are selectively expressed in the nervous system and are found

acids. The NFM gene is also on chromosome 8p21; it consists of 916

at the highest levels in long projection axons. They are composed

amino acids and is important for radial axonal growth. The NFH gene

of four subunits, namely NF light (NFL), NF medium (NFM), and NF

is on chromosome 22q12.2, and the protein, which has a molecular
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mass of 112.5 kDa, consists of 1020 amino acids. NFH is import‐

patients from the University Hospital Ostrava with available

ant for protein‐protein interactions, which are regulated locally in

clinical data (n = 101) were further subdivided into diagnosis

the axon by phosphorylation.1,2 The alpha‐internexin protein has a

groups: MS (n = 19; 14 women, average age 38 ± 9.36 years; 5

molecular mass of 66 kDa and can form homopolymers; however,

men, average age 31 ± 7.30 years), CIS (n = 11; 9 women, aver‐

due to its instability, this subunit is difficult to detect in laboratory

age age 34 ± 11.12 years; 2 men, average age 31 ± 3.50 years),

practice. Its gene is on chromosome 10q24.33.

OIND (n = 10; 4 women, average age 39 ± 11.88 years; 6 men,

Enzyme‐linked immunosorbent assays (ELISAs) or more sensitive

average age 63 ± 6.10 years), IDPNS (n = 5; 5 men, average

techniques, such as electrochemiluminescence immunoassays and

age 51 ± 13.06 years), NIND (n = 38; 25 women, average age

single molecule arrays (SIMOAs), can be used to determine NF lev‐

54 ± 15.87 years; 13 men, average age 58 ± 10.58 years), and

els. After axonal injury, NFs are released into the extracellular space.

Control (n = 33; 24 women, average age 43 ± 16.04 years; 9 men,

Accordingly, their concentration in CSF and/or S reflects the degree

average age 43 ± 16.84 years). For diagnosis of multiple sclerosis,

of axonal damage.4 The levels of both NFL and NFH are increased in

we used the 2017 Revisions of the McDonald Criteria.15 The diag‐

multiple sclerosis (MS), reflecting both neuroaxonal damage in active

noses in the OIND group comprised neuromyelitis optica (n = 3),

plaques, which is mediated by the inflammation, and neurodegener‐

encephalitis (n = 1), granulomatosis with polyangiitis (n = 2), asep‐

ation.5 In patients with clinically isolated syndrome (CIS), the NFL

tic meningitis (n = 1), neuroborreliosis (n = 3). The NIND group

levels correlate with radiological signs of disease activity (gadolin‐

included a very wide and heterogeneous spectrum of diagnoses;

ium‐enhancing magnetic resonance lesions) and predict conversion

more frequent were neurodegenerative diseases (n = 14), non‐

3

to clinically definite MS with a worse prognosis.

6‐8

During MS pro‐

inflammatory polyneuropathy (n = 8), and vascular CNS disease

gression, NFH levels correlate with physical disability and changes in

(n = 5), further CNS tumors (n = 2), vertigo (n = 3), tinnitus (n = 1),

brain volume but not with lesion number or volume. The NFH con‐

radiculopathy (n = 2), anisocoria (n = 1), spinal stenosis (n = 1),

centration may indicate ongoing neurodegeneration.5,7,9

spondylogenic cervical myelopathy (n = 1). All subjects provided

Natalizumab‐treated patients show a 3‐fold decrease in NFL,

written informed consent for the use of their biological material

indicating that this treatment not only has an immunomodulatory

(CSF and S) for research purposes. Apart from sex and age, all

effect but may also reduce axonal damage.10 These effects are also

patient data were anonymous.

observed in patients with MS who were treated with rituximab, mi‐
toxantrone, or fingolimod.11,12 However, studies have not demon‐
strated conclusively that the decline in axonal involvement is not

2.2 | Samples

secondary, and anti‐NF antibody levels do not correlate with the

Neurofilament light, pNFH, and albumin concentrations were deter‐

clinical variants of MS.13,14

mined in CSF samples that were collected into a polypropylene tube

The aims of the study were to compare the cerebrospinal fluid

(Sarstedt) and in S samples that were collected into a Serum Gel with

(CSF) concentrations of NFL and pNFH and the CSF and S concen‐

Clotting Activator tube (Sarstedt). S and CSF samples were drawn

trations of pNFH and to evaluate the correlation of these parameters

on the same day. The CSF samples were centrifuged at 390 × g for

with the following diagnoses: MS; CIS; inflammatory diseases of the

10 minutes at room temperature, and the S samples were centri‐

peripheral nervous system (IDPNS); and other inflammatory central

fuged at 2500 × g for 6 minutes at 4°C. Both the CSF and S samples

nervous system diseases (OIND), noninflammatory neurological dis‐

were aliquoted into at least three vials (0.3 mL per vial) and stored at

eases (NIND), and no evidence of organic nervous system disease

−70°C until the analysis.

(the control group, Control).

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Patients
We examined a total of 172 patients from the Moravian‐Silesian

2.3 | Analytical methods
The concentrations of NFL (NF‐light® [Neurofilament light]
ELISA, REF 10‐7001, IVD CE, UmanDiagnostics AB) and pNFH
(Neurofilament [pNf‐H] ELISA, REF EQ6561‐9601, IVD CE,
Euroimmun AG; Neurofilament (pNf‐H)‐high sensitive ELISA, REF

region of the Czech Republic who had CSF and S samples sent for

EQ6562‐9601, For Research Use Only, Euroimmun AG) were deter‐

analysis to the Institute of Laboratory Diagnostics, Department

mined by ELISA. A patient sample was used for precise and repro‐

of Clinical Biochemistry, University Hospital Ostrava. The study

ducible measurement of NFL, as the diagnostic kit did not include a

was approved by the Ethics Committee of the University Hospital

quality control sample; for measuring pNFH, the manufacturer of the

Ostrava, Czech Republic, and was conducted in accordance with

diagnostic kit supplied two quality control samples. The kit manufac‐

the ethical standards of the Helsinki Declaration of 1975 as re‐

turers stated that the analytical sensitivity for NFL was 32 ng·L−1,

vised in 2000. The average age of the entire group of subjects

27 ng·L−1 for pNFH and 6 ng·L−1 for pNFH sensitive (pNFHs). All sam‐

was 47.0 ± 16.44 years. The group consisted of 113 women

ples were measured in duplicate, and the mean intra‐assay coeffi‐

(65.7%) with an average age of 46.4 ± 16.30 years and 59 men

cients of variation for CSF NFL, CSF pNFH, and S pNFH were 1.9%,

(34.3%) with an average age of 48.2 ± 16.64 years. The files of

3.3%, and 4.2%, respectively.
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TA B L E 1 Assessment of the precision
and accuracy of assay methods that used
either patient cerebrospinal fluid as a
control for NFL or commercial controls for
pNFH

Methods

Mean
−1

3 of 8

SD

CV (%) (95% CI)

CVda (%)

Bias (%)

NFL (ng·L )

305.3

19.25

6.31 (4.26‐9.32)

<9.0

—

pNFH–level 1
(ng·L−1)

273.9

23.03

8.41 (5.91‐12.16)

6.6

−8.69

pNFH–level 2
(ng·L−1)

1051.1

70.03

6.66 (5.36‐8.31)

4.4

16.79

a

The declared value from the manufacturer.

TA B L E 2 Descriptive characteristics of
the studied group

Variables

N

Age

172
−1

F I G U R E 1 Passing‐Bablok regression
analysis of CSF NFL and CSF pNFH
concentrations. rs = Spearman correlation
coefficient

Median

Mean

SD

Min

Max

46.0

47.0

16.5

12.0

85

CSF NFL (ng·L )

107

553.0

1604.8

3397.0

133.0

27 149

CSF pNFH (ng·L−1)

148

286.8

1099.1

3127.4

80.5

23 100

S pNFH (ng·L−1)

79

47.2

115.9

343.7

18.2

2916,6

S pNFHs (ng·L−1)

69

29.0

124.7

382.3

Regression

0.937

2705.4

Intercept (95% CI)

Slope (95% CI)

77.654

0.459

(26.769 to 113.591)

(0.397 to 0.557)

CSF NFL vs. CSF pNFH

2.4 | Statistical methods

2.5 | Ethics approval

Excel, Stata version 13, MedCal version 17.9.7., and NCSS 2007

Informed consent was obtained from all patients at the University

were used for the statistical analyses.16,17 Basic descriptive statistics

Hospital Ostrava who were included in the study. The study was ap‐

were used to describe the data, including frequency tables, medians,

proved by the Ethics Committee of the University Hospital Ostrava

arithmetic means, standard deviations, and percentiles. The normal‐

as a part of the project “CSF biomarkers of multiple sclerosis” (refer‐

ity of the CSF NFL, CSF pNFH, and S pNFH parameters was verified

ence number 400/2017).

with the Shapiro‐Wilk test of normality. The normality hypothesis
was rejected; therefore, nonparametric tests were used, including
the Kruskal‐Wallis rank test and the two‐sample Wilcoxon rank‐sum

3 | R E S U LT S

(Mann‐Whitney) test. The relationship between the parameters was
evaluated by Spearman's correlation coefficient. Data values were

First, we partially verified diagnostic kits for NFL and pNFH de‐

categorized as positive and negative. Fisher's exact test was used to

termination. When we evaluated whether the measurements were

test categorized data. Conformity between assay results was evalu‐

precise and reproducible, both diagnostic kits showed variation co‐

ated by the kappa index with 95% confidence intervals. Statistical

efficients that were comparable to the values supplied by the manu‐

tests were evaluated using a 5% significance level.

facturer (Table 1).
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diagnosis groups, and between CSF pNFH and S pNFH in the IDPNS

evaluated the correlation between NF levels and clinical diagnoses.

(rs = 0.900; P = 0.037) and NIND diagnosis groups (rs = 0.459; P

The analytical characteristics of the studied group are presented in

= 0.018) and between CSF pNFH and S pNFHs in the NIND diagnosis

Table 2.

groups (rs = 0.435; P = 0.030) (Table 3).

There was a statistically significant correlation between CSF

The correlation coefficient between the CSF pNFH and S pNFH

NFL and CSF pNFH concentrations (rs = 0.748; n = 89; P < 0.001).

values and between the CSF pNFH and S pNFHs was moderate

The regression relationship between these parameters was evalu‐

(rs = 0.579 resp. 0.439), probably due to the differences in the bio‐

ated using Passing‐Bablok regression (Figure 1). At the same time,

logical material that was analyzed (CSF or S; Figure 3).

Passing‐Bablok regression demonstrated a statistically signifi‐

The kappa statistic was used to compare the assays based on

cant bias between the CSF NFL concentration and the CSF pNFH

clinical interpretation because the methods had different reference

concentration. For a concentration of 300 ng·L−1, bias represents

intervals (Table 4). The highest kappa coefficient, that is, moderate

28.11%; for a concentration of 5000 ng·L−1, bias is more than 50%

conformity between the diagnostic kits, was demonstrated between

(namely, 52.45%). This indicated that at high CSF NFL concentra‐

the concentrations of CSF pNFH and NFL (κ = 0.556). The positive

tions, the CSF pNFH concentration was approximately half of the

value for the concentration of CSF NFL was set at >900 ng·L−1 based

CSF NFL value.

on the study of Arrambide et al.15 That is, values >900 ng·L−1 can

NF concentrations according to the diagnosis groups are pre‐

be considered to be significantly elevated and indicative of axonal

sented in Figure 2. We evaluated the correlation between the NF

damage. For CSF pNFH, the positive value was >610 ng·L−1 (95th

concentrations and the different diagnoses. There was a statis‐

percentile of negative samples; (Table 4).18

tically significant relationship between CSF NFL and CSF pNFH

The nonparametric Kruskal‐Wallis test was used to evaluate the re‐

in the NIND (rs = 0.793; P < 0.001) and control (rs = 0.811; P < 0.001)

lationship of individual analytes on diagnosis. A statistically significant

F I G U R E 2 Concentrations of individual parameters according to the diagnosis. A, CSF NFL vs diagnosis; B, CSF pNHF vs diagnosis; C, S
pNFH vs diagnosis; D, S pNFHs vs diagnosis

|
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TA B L E 3

5 of 8

Correlations between NF concentrations and the indicated diagnoses
Diagnosis

Parameters

MS

CIS

IDPNS

NIND

OIND

Control

All

CSF NFL vs CSF
pNFH

rs
P
n

0.396
0.144
15

0.650
0.058
9

0.400
0.600
4

0.793
<0.001
24

0.943
0.005
6

0.811
<0.001
15

0.748
<0.001
89

CSF pNFH vs S
pNFH

rs
P
n

0.368
0.177
15

0.624
0.054
10

0.900
0.037
5

0.459
0.018
26

0.657
0.156
6

0.464
0.294
7

0.579
<0.001
79

CSF pNFH vs S
pNFHs

rs
P
n

0.515
0.128
10

−0.214
0.610
8

0.800
0.200
4

0.435
0.030
25

0.300
0.624
5

0.286
0.535
7

0.439
<0.001
69

Abbreviation: rs, Spearman's correlation coefficient.

FIGURE 3

Correlation analysis of CSF pNFH and serum pNFH, CSF pNFH and S pNFHs, and S pNFH and S pNFHs

difference was found for CSF pNFH in the group that included all

of patients who had a expanded Kurtzke Disability Status Scale

diagnoses (Table 5). Post hoc analysis was performed by Dunn test

(EDSS) score of 2.5 or higher (median 1208.5 ng·L−1) 6 months

(Table 6).

after lumbar puncture versus the subgroup of patients with EDSS

We also investigated the correlations of NF concentrations

scores of 0 to 2 (median 488 ng·L−1; P = 0.0269; Table 7). CSF NFL

with clinical data. The CSF NFL concentration in the MS and

thus appears to be a promising parameter for predicting disability

CIS diagnosis groups was significantly higher in the subgroup

severity.
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Assay conformity based on the kappa statistic
CSF pNFHa vs
CSF NFL

CSF pNFHb vs
CSF NFL

CSF pNFHa vs S
pNFHa

CSF pNFHb vs
S pNFHb

CSF pNFHa vs S
pNFHsa

CSF pNFHb vs
S pNFHsb

Kappa statistics
Conformity (%)

0.380
(80)

0.556
(83)

0.337
(84)

0.306
(71)

0.431
(69)

0.272
(69)

95% CI

0.152‐0.608

0.360‐0.752

0.067‐0.607

0.124‐0.488

0.153‐0.709

0.088‐0.456

Standard error

0.0938

0.1043

0.0938

0.0871

0.1418

0.0940

Note: Positive values were as follows: CSF NFL > 900 ng·L−115; CSF pNFH > 1520a (respectively, 610 b) ng·L−1; S pNFH > 2901 (resp., 130 b), ng·L−116.
a
95th percentile for disease controls and healthy.
b
95th percentile for negative samples.

All diagnosesa
a

CSF NFL
(P‐value)

CSF pNFH
(P‐value)

S pNFH
(P‐value)

S pNFH_sen.
(P‐value)

0.157

<0.001

0.138

0.260

TA B L E 5 One‐way analysis of variance
of individual analytes and all diagnoses

Kruskal‐Wallis rank test.

TA B L E 6

Mutual comparison of individual diagnoses (Dunn test)

Diagnosis groups (n)

Average rank

Different (P < 0.05)
from subgroups

(1) CIS (20)

41.40

(5)

(2) Control (24)

49.64

(4) (5)

(3) IDPNS (5)

101.00

(4) NIND (37)

82.93

(5) OIND (10)
(6) MS (14)

112.88

(2)
(1) (2)

63.53

4 | D I S CU S S I O N
This study investigated NF concentrations in S and in CSF as

TA B L E 7 Correlation of the CSF NFL concentration with clinical
data (MS and CS group, patients with available follow‐up data,
Mann‐Whitney test)
CSF NFL median (IQR)
Relapse at the time of lumbar puncture
No

883 (533‐1471)

Yes

607 (439.5‐992.5)

n = 18/8
ns P = 0.2013

Relapse within 6 mo after lumbar puncture
No

1083 (488‐1471)

Yes

446 (N/A)

n = 14/3
P = 0.1015

Kurtzke Expanded Disability Status Scale (EDSS) 6 mo after lumbar
puncture
0‐2.0

488 (438.5‐1039)

≥2.5

1208.5 (862‐1597.5)

n = 9/8
P = 0.0269

a marker of axonal damage. We used two CE ELISA diagnostic
kits, one to determine the concentrations of NFL in CSF (NF‐
light ELISA, UmanDiagnostics) and one to determine the con‐

diagnosis groups, possibly due to the small number of patients,

centrations of pNFH in S and CSF (Neurofilament (pNf‐H) ELISA,

especially in the IDPNS group. The correlation between the S and

Euroimmun). The other ELISA diagnostic kits for S pNFHs deter‐

CSF concentrations of pNFH was lower. The SIMOA method is a

mination (Neurofilament (pNf‐H)‐high sensitive ELISA, Euroimmun)

suitable alternative for testing these analytes in CSF and S. Kuhle

are for research use only. All three assays were suitable for precise

et al11,21,22 showed that SIMOA had higher sensitivity than ELISA

measurement of NFs. There was a statistically significant correla‐

and the electrochemiluminescence‐based assay. They further

tion between CSF NFL levels and CSF pNFH levels. However, the

reported a statistically significant correlation between CSF NFL

CSF pNFH assay showed much lower values than the values for

and S NFL concentrations. In the future, despite the high cost of

CSF NFL. The reason for this difference may be the relative molar

the SIMOA method, it would be appropriate to examine a larger

ratio of the individual NF subunits, which is approximately 5:2:1

dataset to determine whether S NFL determination could replace

for NFL:NFM:NFH.19 Another possibility is that NFL, which has a

CSF NFL determination for assessing the severity and prognosis of

lower molecular mass, diffuses into CSF more easily than the heav‐

neurological diseases.

ier pNFH or with regard to the NF stoichiometry as motor neurons

When we evaluated the correlations of these methods with the

have the ability to save energy to shift the protein expression from

different diagnoses, the assays showed the best correlations with

larger to smaller subunits. 20

each other in the IDPNS and NIND groups of patients. Similar re‐

We demonstrated that the CSF NFL concentrations correlated

sults were obtained by De Schaepdryver et al, 23 who determined

well with the CSF pNFH concentrations, especially in the Control

the S and CSF NF concentrations using two diagnostic kits from

and in patients with NIND. We found no correlation for the other

Euroimmun and BioVendor. Both kits were ELISA‐based. The authors
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compared the assays in a group of patients with amyotrophic lateral

pNFH ELISA assay had satisfactory sensitivity and was suitable for

sclerosis and showed a good correlation between CSF NFH and S

S and CSF analysis, the pNFHs only for S analysis. The data showed

NFH (r = 0.652).

good correlation and moderate conformity between CSF NFL and

When we evaluated these assays according to clinical findings,

CSF pNFH concentrations, indicating that the results can be consid‐

there was moderate conformity between the CSF NFL and pNFH

ered to be consistent. However, the low correlation coefficient and

concentrations, but only fair conformity between the CSF pNFH and

the kappa index found between the S pNFH, even if using a high‐

the S pNFH concentrations. One possible explanation is that NFs are

sensitivity ELISA assay and CSF pNFH meant that the S pNFH and

heteropolymers that form aggregates. Thus, precise determination of

S pNFHs assays gave a lower predictive value. When assessing the

NFH concentrations by immuno‐based methods can be influenced by

relationship of NF concentrations and diagnosis, correlations were

several factors: the ability of the aggregate to mask the NFH epitope;

found between the concentration of CSF NFL and CSF pNFH in the

the aggregate's decreased solubility; the difference in stability of NFH

NIND diagnosis group and in the control group of patients, between

monomers in solution versus NFH in aggregates; and the ability of the

the CSF and S pNFH in the IDPNS and NIND diagnosis groups, and

antibody to bind to soluble NFH.24 Lu et al24 confirmed that NF ag‐

between the CSF and S pNFHs in the NIND diagnosis groups. The

gregates are characteristic of amyotrophic lateral sclerosis and other

results confirmed that NFs, whether NFLs or pNFHs, represent an

neurodegenerative diseases and that they represent a significant

etiologically nonspecific indicator of tissue damage and that it is bet‐

pre‐analytical problem for immunoassay analysis. They developed an

ter to determine their levels in CSF than in S.

ELISA method in which, after 1‐hour incubation of the sample with a
buffer containing a “urea‐calcium chelator,” aggregate disruption re‐
sulted in a precise quantification of the NFH concentration.
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group that included all diagnoses. This finding was not a surprise,
because a number of studies have shown that NFs are markers of
axonal damage rather than markers of a specific diagnosis. Increased

C O N FL I C T O F I N T E R E S T

levels of NF have been observed, for example, in ALS, 23 CIS/
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responsible for the content and writing of the paper.

Ab‐) and myelin oligodendrocyte glycoprotein antibodies (MOG‐Ab),
and other neurological diseases. 25
We studied the correlation of CSF NFL with clinical data as well.
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significantly higher in the subgroup of patients who had EDSS scores
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of 2.5 or higher 6 months after sampling versus the subgroup of pa‐
tients with EDSS scores of 0 to 2. These data showed the suitability
of using CSF NFL to predict disease severity. Similar results were
obtained in the study by Disanto et al, 26 which examined the rela‐
tionship between NFL concentration and other markers of disease
activity, such as the number of T2 hyperintense and gadolinium‐en‐
hancing (Gd+) lesions on cranial MRI and the presence of IgG oli‐
goclonal bands in the CSF of patients with CIS. That group found
higher S NFL concentrations in patients with T2 and Gd+ lesions,
and the NFL concentrations increased with increasing EDSS scores
at CIS time. These results are in line with other studies showing that
NF levels in CSF are correlated with both MRI and clinical markers of
MS disease activity. 27

5 | CO N C LU S I O N
In this study, we tested three diagnostic kits for the determination
of NF concentrations in biological fluids. The NFL ELISA assay had
lower sensitivity and was suitable only for CSF analysis, while the
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Abstract
Background: There is a lack of reliable biomarkers of axonal degeneration. Neurofilaments are promising candidates
to fulfil this task. We compared two highly sensitive assays to measure two subunits of the neurofilament protein
(neurofilament light (NfL) and neurofilament heavy chain (NfH)).
Methods: We evaluated the analytical and clinical performance of the UmanDiagnostics NF-light® enzyme-linked
immunosorbent assay (ELISA) in the cerebrospinal fluid (CSF) of a group of 148 patients with clinically isolated syndrome
(CIS) or multiple sclerosis (MS), and 72 controls. We compared our results with referring levels of our previouslydeveloped CSF NfHSMI35 assay.
Results: Exposure to room temperature (up to 8 days) or repetitive thawing (up to 4 thaws) did not influence
measurement of NfL concentrations. Values of NfL were higher in all disease stages of CIS/MS, in comparison to controls
(p ≤ 0.001). NfL levels correlated with the Expanded Disability Status Scale (EDSS) score in patients with relapsing
disease (rs = 0.31; p = 0.002), spinal cord relapses and with CSF markers of acute inflammation. The ability of NfL to
distinguish patients from controls was greater than that of NfHSMI35 in both CIS patients (p = 0.001) and all MS stages
grouped together (p = 0.035).
Conclusions: NfL proved to be a stable protein, an important prerequisite for a reliable biomarker, and the NF-light®
ELISA performed better in discriminating patients from controls, compared with the ECL-NfHSMI35 immunoassay. We
confirmed and expanded upon previous findings regarding neurofilaments as quantitative markers of neurodegeneration.
Our results further support the role of neurofilaments as a potential surrogate measure for neuroprotective treatment
in MS studies.
Keywords
Cerebrospinal luid, multiple sclerosis, clinically isolated syndrome, neurodegeneration, neuroilament, neuroilament
heavy chain, neuroilament light chain, relapse, disability, immunoassay, biomarker, study design
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Introduction
Axonal injury is increasingly being recognised as the cause
of permanent disability in multiple sclerosis (MS).1,2
Neurofilaments (Nfs) are major structural elements of neurons that are specifically expressed in axons and dendrites.
They are heteropolymers composed of four subunits: the
triplet of the Nf light (NfL), medium (NfM) and heavy
(NfH) chain, and either α-internexin in the central or
peripherin in the peripheral nervous system. NfL and NfH
have emerged as promising biomarkers for neurodegeneration in a range of neurological disorders.3–5
NfH is the most extensively phosphorylated protein of the
human brain, with regulatory influences on cell structure
homeostasis and axonal transport;6–8 while NfL is the most
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abundant and essential component of the Nf core, acting as
the backbone to which NfM and NfH copolymerise.9–11
The UmanDiagnostics NF-light® assay uses two highly
specific, non-competing monoclonal antibodies to quantitate NfL in cerebrospinal fluid (CSF) samples.12 In parallel,
we recently developed a highly sensitive electrochemiluminescence (ECL)-based solid-phase sandwich immunoassay
for detecting NfHSMI35 in CSF.13
Here, we compare CSF levels of NfL (as measured with
the UmanDiagnostics NF-light® assay) with referring
results of NfHSMI35 in a well-characterised group of 148
clinically isolated syndrome (CIS) or MS patients, and 72
controls.14 We also evaluated the analytical and clinical
performance of the UmanDiagnostics NF-light® assay and
the stability of its analyte.15

Patients and methods
Patients and CSF samples
CSF samples were collected in the Department of Neurology
of the University Hospital Basel, in the course of routine
diagnostic measures, as indicated by the treating physicians
and after patient informed consent. The sample collection
procedure, clinical measurement methodology and immunomodulatory treatment were previously described in
detail.14,16 We included 86 patients with definite MS and 62
patients with CIS. MS patients were sub-classified by a
trained neurologist as having clinically definite relapsing–
remitting MS (RRMS; n = 38), secondary progressive MS
(SPMS; n = 25), or primary progressive MS (PPMS;
n = 23).14,17
The control group consisted of 72 patients who, based
on extensive diagnostic evaluation, had no objective clinical nor paraclinical signs of a neurological disease. Due to
a lack of enough CSF sample, we were unable to assay one
CIS, one RRMS and one control patient’s sample that was
used in NfHSMI35 testing, for NfL (Table 1, available only
online).14
The investigators who conducted the NfL measurements
had no access to the clinical data.

UmanDiagnostics NF-light® ELISA and ECLNfHSMI35 assay
The UmanDiagnostics NF-light® enzyme-linked immunosorbent assay (ELISA) was performed according to the
ELISA kit instructions. Our ECL-NfHSMI35 assay and basic
CSF analysis is described in detail elsewhere.13

Precision of the NF-light® ELISA and stability
of NfL
We evaluated the reproducibility (intra-assay variability) and
repeatability (inter-assay variability) of the NF-light® ELISA,
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and the stability of NfL at room temperature (RT), 4°C and
during freeze-thawing cycles, as described previously.13 We
conducted the study according to the current regulations on
research with patient samples and on documentation of disease-related information of the University Hospital Basel.
Approval was granted by the Common Institutional Review
Board of the Cantons of Basel.

Statistical evaluation
Continuous variables are described by their median and
interquartile range (IQR), and categorical variables by numbers and percentages. Comparison of basic quantitative CSF
parameters across groups was performed using the KruskalWallis test, and pair-wise post-hoc comparisons using the
Mann-Whitney U test. Comparisons of categorical variables
were done using the chi-square test. CSF levels of NfL, Qalb
and other basic CSF parameters were log-transformed to
achieve a normal distribution for subsequent analyses. Yet,
for simplicity of notation, we used the original terms of CSF
parameters when reporting and discussing results. To control for age as a potential confounding factor, we performed
an analysis of covariance with age as a covariate and disease
stage group as a fixed factor. Group-specific levels of NfL
and other biomarkers were expressed as geometric means
with 95% confidence intervals (CIs). For log-normal variables, the geometric mean equals the median. Partial correlations adjusted for age were computed by first regressing the
two variables on age, and then determining the Spearman
rank correlation coefficient (rs) of the respective residuals.
Receiver operating characteristic (ROC) curves were
derived from logistic regression (with age as a covariate), to
compare the discriminatory power of NfL and NfHSMI35
between CIS or different stages of MS, and healthy controls.
We calculated the area under the curve (AUC) for NfL and
NfHSMI35 and compared them using the method of DeLong
et al.18 A 2-sided p-value < 0.05 was considered significant.
We adjusted the p-values of post hoc comparisons using a
Bonferroni correction. We prepared all statistical analyses
and graphs with SPSS (Version 15.0 SPSS, Chicago, IL) and
Graph Pad Prism 5.02 for Windows (GraphPad Software,
San Diego, CA).

Results
Analytical performance of the NfL assay and stability of the
analyte. The mean coefficients of variation (CV) of duplicates within given assays were 5.6% (5680 pg/ml), 3.1%
(564 pg/ml), 5.5% (242 pg/ml) and 3.0% (156 pg/ml). Inbetween-assay variation was 8.9% (5680 pg/ml), 7.3%
(564 pg/ml), 11.3% (242 pg/ml) and 13.5% (156 pg/ml).
There was no significant change in the measured concentration in CSF samples that were stored at room temperature (RT) nor at 4°C for up to 8 days (RT, day 8: 1.04 ± 0.053;
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Figure 1. Stability of the NfL protein in CSF samples kept at RT (left) and 4°C (right) prior to testing.
Three CSF samples (S. 1 – 3) were thawed on day 0 (0 hours, the reference); 3 hours in advance of measurement; and 1, 4 and 8 days before the
experiment; and then stored at either RT or 4°C until testing. There was no significant change in the measured concentration of NfL in samples that
were stored at RT and at 4°C, for up to 8 days (RT, day 8: 1.04 ± 0.053 (mean normalised ratio between day 0 and day 8 ± SD), p = 1.0; and 4°C, day
8: 1.05 ± 0.051, p = 0.5). Mean calculated pg/ml of duplicates (SD) are displayed.
CSF: cerebrospinal fluid; NfL: neurofilament protein type light; RT: room temperature; S: sample; SD: standard deviation.

a mean normalised ratio between day 0 and day 8 ± SD; p =
1.0 and 4°C, day 8: 1.05 ± 0.051; p = 0.5) (Figure 1).
Similarly, there was no significant effect of freeze-thawing
the CSF up to 4 times on the measured concentrations of
NfL in three samples (4 freeze-thawing cycles: 1.03 ±
0.026; p = 0.25) (Figure 2).
NfL levels in CSF as a function of disease features and
age. The CSF NfL levels were increased (F4, 215 = 26.89;
p < 0.0001) in all forms and stages of MS, as compared to
controls (p < 0.0001 for all comparisons). A strong correlation with age was seen for NfL in the controls (r = 0.61, p <
0.0001), while this association was absent in CIS (r = 0.06;
p = 0.778), RRMS (r = 0.11; p = 0.417), SPMS (r = 0.13;
p = 0.444) and PPMS (r = –0.08; p = 0.694).
Subsequent analysis with age as a covariate confirmed the
previous highly significant group differences of CIS and all
stages of MS, in comparison to the controls (F4, 214 = 26.05; p
< 0.0001; p = 0.001 for SPMS; p < 0.0001 for CIS, RRMS
and PPMS). Moreover, this analysis also revealed a difference between RRMS and SPMS (p = 0.025) (Figure 3).
Correlations of NfL with CSF markers of inflammation. In
CIS and RRMS, the levels of NfL correlated with the CSF
cell count (rs = 0.27; p = 0.016 and rs = 0.43; p = 0.01,
respectively) and with qAlb in CIS, RRMS and SPMS

(rs = 0.28; p = 0.025; rs = 0.49; p = 0.002; and rs = 0.67; p
< 0.0001, respectively). Patients with CIS and RRMS with
a CSF cell count > 5 cells/mm3 had almost twice higher
NfL concentrations, as compared to patients with normal
CSF cytosis (> 5 cells/mm3; n = 47: 1252 pg/ml (899 –
1744), versus ≤ 5 cells/mm3; n = 53: 684 pg/ml (544 – 859);
p = 0.0078). In contrast, no such correlation could be
observed in patients with progressive MS.
Correlations of NfL with disability and disease activity. Agecorrected NfL levels correlated with the Expanded Disability
Status Scale (EDSS) score in patients with relapsing disease
(CIS and RRMS: rs = 0.31; p = 0.002), but not in progressive
stages of MS (SPMS and PPMS: rs = –0.18; p = 0.218).
Patients with a relapse at the time of their lumbar puncture tended to have higher NfL values (n = 61: 1070 pg/ml
(818 – 1401)) than those in remission (n = 64: 734 pg/ml
(598 – 900)); p = 0.054). Similarly, the levels of NfL in
patients with relapses due to spinal cord pathology was
nearly double the levels seen in patients with relapses due
to cerebral lesions (n = 16: 1728 pg/ml (924 – 3229) versus
n = 45: 906 pg/ml (674 – 1217); p = 0.037).
Discriminatory power of NfL and NfHSMI35 to distinguish CIS,
MS and controls; and relationship of NfL and NfHSMI35 . The
discriminatory power of NfL was greater than that of
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of freeze-thawing (4 freeze-thaw cycles: 1.03 ± 0.026; p = 0.25). Mean
calculated pg/ml of duplicates (SD) are displayed.
CSF: cerebrospinal fluid; NfL: neurofilament protein type light; S: sample;
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0.67; p = 0.001 and all MS patients (RRMS, SPMS, PPMS):
AUC 0.91 versus 0.85, p = 0.035).
There was a highly significant correlation of NfHSMI35
and NfL in controls (r = 0.40; p < 0.0001), CIS (r = 0.44;
p < 0.0001), RRMS (r = 0.57; p < 0.0001) but not SPMS
(r = 0.23; p = 0.163) or PPMS (r = 0.40; p = 0.061). After
age correction, this relationship was no longer observed
in controls (rs = 0.058; p = 0.627); conversely, in CIS
(rs = 0.46; p < 0.0001) and RRMS (rs = 0.56; p < 0.0001) it
remained strong, whereas in SPMS (rs = 0.31; p = 0.128)
and PPMS it was absent (rs = 0.41; p = 0.054).
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Figure 3. NfL levels in the controls, patients with CIS and
patients with MS.
Geometric mean and 95% CI are displayed (box and whiskers: median
and 10 – 90% percentile). CIS (765.8 pg/ml), RRMS (1200.8 pg/ml), SPMS
(784.6 pg/ml) and PPMS (1007.0 pg/ml) showed higher CSF NfL levels
than the control patients (271.9 pg/ml). RRMS had higher NfL values
than SPMS (p = 0.025). Dots represent individual samples. P values were
adjusted for age and corrected by the Bonferroni method.
CI: confidence interval; CIS: clinically isolated syndrome; CSF: cerebrospinal fluid; MS: multiple sclerosis; NfL: neurofilament protein type light;
PPMS: primary progressive MS; RRMS: relapsing–remitting MS; SPMS:
secondary progressive MS.

The primary findings of this comparative study were that
NfL proved to be a stable analyte, and the assay system
used here for NfL is more sensitive than that for NfHSMI35.
NfL is considered to represent the most abundant and also
the most soluble subunit, but there have been concerns
about its susceptibility to proteases, especially in the protease-rich CSF or blood.15 Several groups, including ours,
have therefore previously concentrated on NfH as a biomarker for axonal damage, as its phosphorylated state is
assumed to be more stable.19–22 In the present study, CSF
NfL levels were demonstrated to be stable up to 8 days at
RT and for up to four freeze-thaw cycles.23,24 We concluded
that there is no basis to prefer NfH over NfL as a biomarker
of axonal damage due to concerns of sample stability.
Persistent neurological deficits in MS likely emerge as a
consequence of the accumulating nerve injury, starting in
the very early phases of the disease. Interestingly, differences between CIS patients and controls were more pronounced for NfL than for NfHSMI35, while differences in the
other disease stages were more similar and strong (Figure
3).14 The higher abundance of NfL and/or better performance of the two monoclonal antibodies included in the
UmanDiagnostics NF-light® assay seem to outweigh
the known high sensitivity and higher dynamic range of the
ECL technology used in the NfHSMI35 assay.12
In our previous study, NfHSMI35 showed a strong correlation with age in controls and in patients with a CIS; the correlation was weaker in RRMS and absent in SPMS and
PPMS.14 In the present results, for NfL this correlation was
even more pronounced in the controls (rs = 0.61; p < 0.0001);
conversely, it was absent in all the disease stages. Both these
NfHSMI35 and NfL findings are well in line with a recent
report on CSF NfH and NfL levels and age correlation in
CIS patients.25 More pronounced as compared to NfHSMI35,
the disease-related neurodegenerative processes paired
with higher assay sensitivity seem to outweigh physiologic,
age-related changes of NfL clearance, even in the earliest
disease stages of MS.
Similarly to the above-mentioned study, our results also
suggested that CSF NfL levels do not only reflect chronic
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Figure 4. ROC plots of NfL and NfHSMI35 in CIS and MS patients, versus controls. The discriminatory power of NfL was greater
than that of NfHSMI35 in CIS patients (AUC 0.83 versus 0.67; p = 0.001) and in all MS patients (RRMS, SPMS, PPMS) grouped together
(AUC 0.91 versus 0.85; p = 0.035).
AUC: area under the curve; CIS: clinically isolated syndrome; MS: multiple sclerosis; NfH: neurofilament protein type heavy; NfL: neurofilament protein
type light; PPMS: primary progressive MS; ROC: receiver operating characteristic; RRMS: relapsing–remitting MS; SPMS: secondary progressive MS.

neurodegenerative processes.25 In CIS, RRMS and SPMS,
the levels of NfL correlated with the extent of blood-CSF
barrier damage, relapses, and for CIS and RRMS, with
inflammatory cell counts in the CSF. This further supported
the concept that in MS, neurofilament release reflects two
parallel neurodegenerative processes: first as a result of
chronic brain-diffuse neuroinflammation and second due to
acute focal inflammatory activity in the course of plaque
formation.
Replicating our findings on NfHSMI35, the NfL levels
correlated with disability in earlier (CIS and RRMS), but
not in progressive (SPMS and PPMS) stages.14 Likewise,
NfL and NfHSMI35 concentrations in CIS and RRMS (but
not in controls) showed a robust correlation, whereas it was
not seen in progressive disease. It remains speculative
whether the relatively small sample number of progressive
MS stages, the difficulty in quantifying neurological deficits by the EDSS, or a dissociation of the liberation of different Nf subunits in progressive MS contributed to these
findings.
NfL levels in CSF were reported to be higher in different
stages of MS, compared to healthy controls and in relapses
versus remissions.26,27 Previous studies also report relatively weak correlations of NfL levels with the EDSS28–30
and, in fewer studies, with age in the controls.31 In a study
by Teunissen and colleagues, NfL is determined by the
Uman-Diagnostics NF-light® ELISA and NfH by a modified conventional ELISA assay.21,32 In comparison to our
findings, their differences for NfH using this assay system
were less pronounced, information towards correlation of

NfL and NfH and/or age in controls and separate stages of
MS are not given and performance of the NfL versus the
NfH assay is not described.14,32
Taken together, we confirmed and expanded on previous
findings describing Nf as quantitative markers of neurodegeneration in CSF. We found NfL and NfHSMI35 are both
stable proteins, an important prerequisite for biomarkers. It
is important to note that based on our findings, we could not
conclude that NfL is a superior analyte over NfH, in general. Some of our results are likely to reflect the properties
of the assays used, and not wholly the properties of these
proteins. Rather, in comparison to the ECL-NfHSMI35 assay,
we found that the NF-light® ELISA differentiated better
between health and disease, especially in the CIS stage. All
our analyses were performed in CSF; conversely, serum Nf
measurements would be the most relevant for clinical practice, an aim so far reached more frequently by analyses of
NfH33–36 as compared to NfL.37 Based on this study, further
development of a NfL assay that would include the benefits
of ECL technology seemed a promising approach in aiming
towards NfL measurement in serum/plasma samples. Our
findings support the role of Nf as a useful measure of neurodegeneration and their potential usefulness as a surrogate
measure in MS treatment studies.
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Abstract
Objectives: Significantly elevated levels of neurofilament light chain (NfL) and phosphorylated neurofilament heavy chain
(pNfH) have been described in the blood and cerebrospinal fluid (CSF) of amyotrophic lateral sclerosis (ALS) patients.
The aim of this study was to evaluate the analytical performance of different neurofilament assays in a round robin with
10 centers across Europe/U.S. Methods: Serum, plasma and CSF samples from a group of five ALS and five neurological
control patients were distributed across 10 international specialist neurochemical laboratories for analysis by a range of
commercial and in-house neurofilament assays. The performance of all assays was evaluated for their ability to differentiate between the groups. The inter-assay coefficient of variation was calculated where appropriate from sample measurements performed across multiple laboratories using the same assay. Results: All assays could differentiate ALS patients
from controls in CSF. Inter-assay coefficient of variation of analytical platforms performed across multiple laboratories
varied between 6.5% and 41.9%. Conclusions: This study is encouraging for the growing momentum toward integration
of neurofilament measurement into the specialized ALS clinic. It demonstrates the importance of ‘round robin’ studies
necessary to ensure the analytical quality required for translation to the routine clinical setting. A standardized neurofilament probe is needed which can be used as international benchmark for analytical performance in ALS.
Keywords: Amyotrophic lateral sclerosis, neurofilament, biomarker

Introduction
Neurofilament light chain (NfL) and phosphorylated
neurofilament heavy chain (pNfH) are among the
most promising candidate neurochemical biomarkers

in amyotrophic lateral sclerosis (ALS). In recent years,
there has been a surge in studies describing their performance in the diagnostic phase and their utility as
prognostic biomarkers (1–8). Although these studies
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Table 1. Patient characteristics.

N
Sex (f/m)
Age (years)a
Disese onset (spinal/bulbar)
Disease duration (months)a
ALS-FRS-r

Controls

ALS

5
3/2
62 (47–75)
N/A
N/A
N/A

5
4/1
69 (60–79)
2/3
9(6.5-11.5)
37 (29-41)

ALS: amyotrophic lateral sclerosis; f: female; m: male.
median and interquartile range.

a

have consistently demonstrated the elevation of pNfH
and NfL in the cerebrospinal fluid (CSF) and blood
(plasma or serum) of ALS patients, the concentrations among studies varies considerably.
Studies have identified pre-analytical factors
that may influence neurofilament determination
and demonstrated that efforts focused on the optimization and standardization of biofluid collection
and processing have been successful (9,10). In
order to implement neurofilament assays into routine clinical practice, it is important to independently assess and standardize the performance of
the currently available assays across multiple platforms and laboratories (11). In this study, CSF,
serum and/or plasma blood samples were sent
from a single center to 10 participating laboratories
across Europe and the USA for the measurement
of NfL and pNfH, investigating the consistency of
differentiation between ALS and controls and
inter-laboratory variation across assays.
Methods
Patients
Biofluid samples (five with ALS and five disease
controls) were obtained from individuals attending
the University of Ulm Department of Neurology
Clinic (Ulm, Germany) with informed consent
(ethical approval number 20/10). Patient characteristics are shown in Table 1. Disease controls
had no neurodegenerative disease and CSF was
collected to exclude a chronic neuroinflammatory
process. Their final diagnoses were: myositis,
adenoma of pituitary gland, polyneuropathy, subcortical vascular encephalopathy (SVE), vertigo.
Biofluid sample collection
CSF was obtained by lumbar puncture directly
into polypropylene collection tubes. Venous blood
was collected into serum separator tubes and
EDTA tubes (for plasma extraction). Biofluid samples were centrifuged at 3000rpm for 10 minutes
at 4  C within one hour of sampling and stored at
-80  C. CSF, serum and plasma samples; one aliquot from each ALS (n ¼ 5) and control (n ¼ 5)
patient were shipped on dry ice from the
Department of Neurology, Ulm University
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Hospital to each participating center: (Nuffield
Department of Clinical Neuroscience, University
of Oxford (UK); Department of Neurology, Ulm
University
Hospital
(Germany);
Clinical
Neurochemistry
Laboratory,
University
of
Gothenburg (Sweden); Pitie-Salp^etriere Hospital,
Paris (France); University of Basel (Switzerland);
Queen Mary University of London UK; University
of Leuven (Belgium); Amsterdam University
Medical Centers, Amsterdam (Netherlands);
University College London, Institute of Neurology
(UK); Iron Horse Diagnostics, Inc., Scottsdale,
AZ (USA). All samples were stored at 80  C
until analysis.
Determination of pNfH and NfL in serum, plasma
and CSF
The details of each assay platform used is outlined
in Table 2. The concentration of NfL was measured using four different assays in CSF (Simoa
R assay, In-house Simoa NFL assay (12),
NF-lightV
R ELISA and an inIBL International NF-lightV
house ELISA method (13); three different assays
R assay, In-house Simoa
in serum (Simoa NF-lightV
NFL assay (14) and an in-house NfL Meso Scale
Discovery assay (15) and two different assays in
R assay and an In-house
plasma (Simoa NF-lightV
Simoa NFL (16)). pNfH was measured using five
different assays in CSF (an in house MSD assay,
Simoa pNF-Heavy, BioVendor, Euroimmun and
an in-house pNfH Luminex assay (17); four different assays in serum (Simoa, BioVendor,
Euroimmun and an in house MSD assay) and four
different assays in plasma (Simoa, BioVendor,
Euroimmun and an in house MSD assay). sample
was assayed twice to generate two replicates on
each platform. Any samples for which neurofilament levels were below the limit of detection
(LOD), the lowest standard value was used in statistical analysis.
Statistics
Statistical analysis was performed using GraphPad
Prism 7. The ALS and disease control groups
were compared by the Mann-Whitney test
(p < 0.05 significant).
Results
Assay performance in CSF
The CSF concentration of NfL was significantly
increased in ALS patients compared with neurological controls when measured by all four different analytical platforms in eight centers (Figure 1).
The CSF concentration of pNfH was significantly
increased in ALS patients compared with neurological controls as measured by all five different
analytical platforms in eight centers (Figure 2). In
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Table 2. Details of Assays Characteristics.
Assay platform

Analyte

Simoa

NfL

Simoa
(In-house)
Simoa
(In-house)
IBL International

NfL
NfL
NfL
NfL

Assay format

Biofluid

Assay performance

Single Molecule
Array Technology

Serum, Plasma, CSF

Single Molecule
Array Technology
Single Molecule
Array Technology
2 site solid phase
sandwich ELISA
Electrochemiluminescence
(ECL)

Serum, Plasma, CSF

LLOD – 0.038pg/
ml
LLOQ –
0.174pg/ml
Analytical sensitivity
– 0.32pg/ml
LLOQ 2.3pg/ml

Gaiottino et al. [15]

Detection Limit –
33pg/ml
15.6pg/ml

Gisslen et al. [14]

Plasma
CSF
Serum

MesoScale
Discovery
(In-house)
In-house ELISA
Euroimmun

NfL
pNFH

ELISA
ELISA

CSF
Serum, Plasma, CSF

Simoa

pNfH

Single Molecule
Array Technology

Serum, Plasma, CSF

MesoScale
Discovery
(Iron Horse)
Luminex

pNfH

Electrochemiluminescence
(ECL)

Serum, Plasma

pNfH

xMAP technology

CSF

BioVendor

pNfH

ELISA

CSF

Reference

Otto et al. [11]

LLOQ 78pg/ml
Serum 6pg/ml
CSF 20pg/ml
LLOD – 0.663pg/
ml
LLOQ – 2.88pg/ml

Disanto et al. [12]

LLOD 6.6pg/ml
LLOQ 7.8pg/ml
LOD 23.5pg/ml

Steinacker et al. [16]

Figure 1. Detection of neurofilament light chain (NfL) in the cerebrospinal fluid (CSF) of ALS patients and neurological controls.
Scatter dot plots show neurofilament light chain concentrations in the CSF of patients with ALS and neurological controls. Filled
circles, black - Lab 1 In-house Simoa assay; Filled circles, cyan – Lab 1 Simoa assay; Filled squares, cyan – Lab 2 Simoa assay; Filled
inverted triangles, Lab 4 Simoa assay; Filled triangles, green – Lab 3 Uman ELISA; Empty circles, green – Lab 6 Uman ELISA;
Empty triangles, green – Lab 8 Uman ELISA; Empty diamond, green – Lab 10 Uman ELISA; Filled hexagon, purple; Lab 7 – Inhouse ELISA. Median value and interquartile range are shown. Mann-Whitney U test was used for the comparisons. p < 0.01.
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Figure 2. Detection of phosphorylated neurofilament heavy chain (pNfH) in the cerebrospinal fluid (CSF) of ALS patients and
neurological controls. Scatter dot plots show phosphorylated neurofilament heavy chain concentrations in the CSF of patients with ALS
and neurological controls. Empty inverted triangles, blue – Lab 9 In-house MesoScale Discovery assay; Filled squares, cyan – Lab 2
Simoa assay; Filled squares, magenta – Lab 2 BioVendor ELISA; Filled triangles, magenta – Lab 3 BioVendor ELISA; Empty
diamonds, magenta – Lab 10 BioVendor ELISA; Filled diamonds, yellow – Lab 5 Euroimmun ELISA; Empty inverted triangles, yellow
– Lab 9 Euroimmun ELISA; Empty triangles, yellow – Lab 8 Euroimmun ELISA; Inverted triangles, red – Lab 4 Luminex Assay.
Median value and interquartile range are shown. Mann-Whitney U test was used for the comparisons. p < 0.01.

CSF, the frequency of endogenous analyte detection for all NfL assay platforms tested was 100%.
For the measurement of CSF pNfH levels,
undetectable values were encountered in 20% of
samples assayed using the BioVendor platform.
Assay performance in blood
The serum concentration of NfL was significantly
increased in ALS patients compared with neurological controls when measured by the Simoa platform (commercial and in-house) in five centers
(Figure 3(a)). The plasma concentration of NfL
was significantly increased in ALS patients compared to neurological controls when measured by
the Simoa platform (commercial and in-house) in
four centers (Figure 3(b)). The serum and plasma
concentration of pNfH was significantly increased
in ALS patients compared with neurological controls when measured by the Simoa platform in one
center (Figure 3(c,d)). In blood, the frequency of
endogenous analyte detection was 100% for both
NfL and pNfH using the Simoa platform. Serum
and plasma pNfH and serum NfL were quantified
using a total of 3 other analytical platforms,
whereby 90% of the sample concentrations were
above the analytical sensitivity for each platform.
Inter-assay reliability of analytical platforms
Four different analytical platforms were used across
multiple centers (Table 3). The coefficient of variation (CV%) of Simoa NfL measurements between
laboratories was 18.3 ± 4.2% (serum, n ¼ 5),

7.2 ± 3.4% (plasma, n ¼ 3), 27.9 ± 6.8% (CSF,
n ¼ 3). The coefficient of variation (CV%) of
Euroimmun pNfH measurements between laboratories was 17.6 ± 9.5% (serum, n ¼ 3), 18.5 ± 12.2%
(plasma, n ¼ 2), 6.5 ± 2.8% (CSF, n ¼ 3). The coefficient of variation (CV%) of Uman NfL measurements between laboratories was 41.9 ± 3.4% (CSF,
n ¼ 4). The coefficient of variation (CV%) of
BioVendor pNfH measurements between laboratories was 11.5 ± 6.1% (CSF, n ¼ 3).
Discussion
This study sought to assess the performance of
multiple neurofilament analytical platforms in a
‘round-robin’ exercise across 10 international
experienced neurochemistry laboratories. Previous
studies (10,11) examining the inter-laboratory variation of neurofilament measurements have determined that efforts to optimize and standardize
biofluid collection have been successful and that
neurofilament levels in ALS patient samples are
largely comparable. In this study, we have demonstrated that all currently available neurofilament
assay platforms have the required sensitivity for the
measurement of NfL and pNfH in CSF.
Our findings demonstrate that pNfH and NfL
can be sensitively quantified by all of the analytical
platforms applied to the CSF of ALS patients and
neurological controls across the study. The CSF
concentrations of both NfL and pNfH were all in
the analytical range of these assays. In agreement
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Figure 3. Detection of neurofilament light chain (NfL) and phosphorylated neurofilament heavy chain (pNfH) by the Simoa platform
in the serum (A) and plasma (B) of ALS patients and neurological controls. Scatter dot plots show A neurofilament light chain
concentrations in the serum of patients with ALS and neurological controls; Filled circles, cyan; Simoa assay Lab 1, Filled circles,
black; In-house Simoa assay Lab 1, Filled squares, cyan; Simoa assay Lab 2, Filled triangles, cyan; Simoa assay Lab 3, Filled inverted
triangles, cyan; Simoa assay Lab 4; Empty circles, cyan; Simoa assay Lab, 6 B neurofilament light chain concentrations in the plasma of
patients with ALS and neurological controls; Filled circles, cyan; Simoa assay Lab 1, Filled circles, black; In-house Simoa assay Lab 1;
Filled squares, cyan; Simoa assay Lab 2, Filled triangles, cyan; Simoa assay Lab 3, Filled circles, black; In-house Simoa assay Lab 7 C
phosphorylated neurofilament heavy chain concentrations in the serum of patients with ALS and neurological controls; D
phosphorylated neurofilament heavy chain concentrations in the plasma of patients with ALS and neurological controls. Median value
and interquartile range are shown. Mann-Whitney U test was used for the comparisons. p < 0.01.
Table 3. Assessment of inter-laboratory assay reliability.

Serum
Plasma
CSF

Simoa NfL assay

EuroImmun pNfH ELISA

Uman NfL ELISA

BioVendor pNfH

18.3 ± 4.2
7.18 ± 3.4
27.9 ± 6.8

17.6 ± 9.5
18.5 ± 12.2
6.5 ± 2.8

–
–
41.9 ± 3.4

–
–
11.5 ± 6.1

For each analytical platform that was used across multiple laboratories; the coefficient of variation was calculated for each of the 10
samples measured (per bio-fluid sample type). The inter-laboratory coefficient of variation was then calculated from these 10 data
points (mean ± SD% CV).

with another study (18), the Simoa platform provided the most sensitive quantification of pNfH
and NfL levels in blood with serum and plasma
concentrations of all subjects detected across multiple laboratories.
For the assays that failed to differentiate ALS
from disease controls in blood, 10% of serum and
plasma pNfH and NfL concentrations using these

assays were outside the analytical range in serum
and EDTA plasma. These findings extend upon
previous observations of increased pNfH and NfL
levels in the blood and CSF of ALS patients and
demonstrate that this increase is consistent and
reliably detected across multiple analytical
approaches. As this was seen with standard ELISA
and also with the digital ELISA this seems to be
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independent of the platform. The increased levels
of pNfH and NfL reported in ALS biomarker
studies and the robust correlations reported
between CSF, serum and plasma (1–6,10) suggest
that both pNfH and NfL are reliable peripheral
biomarkers of neuronal damage. The availability of
easily accessible samples is of critical importance
for integration into both clinic routine and therapeutic trials.
We consider the inter-assay variability across
laboratories in this study performing the same
assay of up to 20% to be acceptable. However, the
measurement of NfL by two platforms exceeded
this upper limit, which highlights that it is imperative that further round robins are performed to
ensure the analytical quality for routine settings,
especially to reduce the CV of assays below 10%.
In another study a larger number of samples collected from a single center were measured by only
3 assay platforms that are all present in each participating laboratory to complete further assessment of inter-laboratory reliability (18). However
this is quite often not feasible, as most labs have
already performed an in-house validation and
already made a decision for a specific assay. The
aim of our round-robin is therefore to obtain an
external quality assumption. In further studies a
standardized NfL/pNfH probe that can be used as
a gold standard to describe the analytical performance of each assay should be incorporated.
However, such material is difficult to obtain, if no
mass spec data for standards is available. For
future harmonization of neurofilament measurements in the ALS field, all laboratories must begin
using the optimal assay platform and engage in a
quality control program based on the principles
highlighted by this study thereby ensuring alignment with all other users of the assay.
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a b s t r a c t
Background: Neuroﬁlament proteins (Nf) are highly speciﬁc biomarkers for neuronal death
and axonal degeneration. As these markers become more widely used, an inter-laboratory
validation study is required to identify assay criteria for high quality performance.
Methods: The UmanDiagnostics NF-light ®enzyme-linked immunoabsorbent assays (ELISA)
for the neuroﬁlament light chain (NfL, 68 kDa) was used to test the intra-assay and interlaboratory coefﬁcient of variation (CV) between 35 laboratories worldwide on 15 cerebrospinal
ﬂuid (CSF) samples. Critical factors, such as sample transport and storage, analytical delays,
reaction temperature and time, the laboratories' accuracy and preparation of standards were
documented and used for the statistical analyses.
Results: The intra-laboratory CV averaged 3.3% and the inter-laboratory CV 59%. The results
from the test laboratories correlated with those from the reference laboratory (R = 0.60,
p b 0.0001). Correcting for critical factors improved the strength of the correlation.
Differences in the accuracy of standard preparation were identiﬁed as the most critical
factor. Correcting for the error introduced by variation in the protein standards improved the
correlation to R = 0.98, p b 0.0001 with an averaged inter-laboratory CV of 14%. The corrected
overall inter-rater agreement was subtantial (0.6) according to Fleiss' multi-rater kappa and
Gwet's AC1 statistics.
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Conclusion: This multi-center validation study identiﬁed the lack of preparation of accurate and
consistent protein standards as the main reason for a poor inter-laboratory CV. This issue is also
relevant to other protein biomarkers based on this type of assay and will need to be solved in order
to achieve an acceptable level of analytical accuracy. The raw data of this study is available online.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Protein biomarkers are relevant for diagnostics and
prognosis and they are increasingly used as inclusion criteria
and as a secondary outcome measure for treatment trials.
With the availability of high-throughput proteomic methods
large numbers of potential protein biomarkers have been
discovered. However, surprisingly few withstand the test of
time and bridge the bench to bedside gap. Two examples
within the ﬁeld of neurodegenerative diseases are the tau and
amyloid-beta1–42 proteins. Both proteins were found to be
key components in the pathology of Alzheimer's disease.
Several assays were developed, of which the enzyme-linked
immunoabsorbent assays (ELISA) were employed routinely.
Evidence emerged that cerebrospinal ﬂuid (CSF) tau and
amyloid-beta1–42 levels could be good diagnostic tests for
Alzheimer's disease (Blennow et al., 2006; Lewczuk and
Wiltfang, 2008) and new diagnostic criteria including CSF tau
and amyloid-beta1–42 levels were proposed (Dubois et al.,
2007). Disappointingly, repeated validation studies of CSF tau
and amyloid-beta1–42 levels demonstrated an unacceptable
inter-laboratory coefﬁcient of variation (CV) of up to 53%
(Blankenstein et al., 2005; Lewczuk et al., 2006; Verwey et al.,
2009). The factors inﬂuencing the CV remain largely
unknown.
The present study was designed to measure the quantitative inﬂuence of a number of controllable parameters in a
multi-center study involving 35 laboratories worldwide. The
rationale was to control for parameters inherent to shipment
and handling of test material and related to different
laboratory procedures in order to optimize the inter-laboratory CV.
The biomarker chosen for analysis was the neuroﬁlament
light protein (NfL) (Rosengren et al., 1996; Van Geel et al.,
2005). Neuroﬁlaments are heteropolymers composed of at
least four subunit proteins: α-internexin/Nf66 and the triplet
of the neuroﬁlament light, medium (NfM) and heavy chain
(NfH) (Shaw, 1998; Petzold, 2005). Neuroﬁlament proteins
are the most reliable protein biomarker validated for
quantiﬁcation of neurodegeneration (Petzold, 2005; Teunissen et al., 2005). Their emerging importance for basic science,
clinical trials and laboratory practice cannot be overestimated.

2. Materials and methods
2.1. Kits and equipment
The NF-L kits were obtained from UmanDiagnostics, Umea,
Sweden. The kit is a sandwich ELISA with two highly speciﬁc
NF-L monoclonal antibodies and no cross-reactivity with other
known brain antigens (Norgren et al., 2002, 2003, 2004).

Large thermometers, allowing easy visualisation of the
temperature (Table 1), were purchased from the Lab
Warehouse (TG835-15). All thermometers were calibrated
in London prior to shipment.
2.2. CSF samples
Fifteen CSF samples (50 mL each sample, collected from
patients who underwent extraventricular drainage for
management of acute hydrocephalus) were collected in
polypropylene tubes and immediately centrifuged
(5000 rpm for 5 min). Supernatants were aliquoted and
stored at − 80 °C in 1.5–2.0 mL Eppendorf tubes until
analysis. In agreement with the Ethic Committee and the
United Kingdom Human Tissue Act, all patient details were
anonymised.
2.3. Analytical procedures
The ELISA (UmanDiagnostics NF-light ®) was performed
as previously described (Norgren et al., 2003). In brief, each
laboratory reconstituted each of the freeze-dried NfL standards (puriﬁed bovine spinal cord with a purity N98%) with
240 µL of sample diluent in a 1.5 mL Eppendorf vial to give a
concentration of 40 ng/mL.1 The vial was gently mixed until
the standard was completely solubilized and then left to
stand at room temperature (RT) for 10 min. A series of eight
Eppendorf vials was prepared, with the ﬁrst vial containing
900 µL of sample diluent and vials 2 to 8, 600 µL of sample
diluent. Each laboratory then added 300 µL of the lyophilized
standard to the ﬁrst vial to give a concentration of 10 µg/L. A
doubling dilution using 600 µL in each step was performed
and vial 8 was left only with sample diluent to give the blank
reading (0 ng/mL NfL). The concentration for vials 1 to 7 is
summarised in Table 3.
The freeze-dried ELISA plates were washed with 3 × 5minute cycles with washing solution (300 µL). Next, 100 µL of
standards and samples were added in quadruplicate (= 4
measurements) and incubated for 1 h at RT at 800 rpm
agitation on a shaker. After another three 5-minute wash
cycles 100 µL of the biotin-labeled anti-NfL monoclonal
antibody were added to each well. The plate was incubated
for 45 min (RT, 800 rpm agitation). Following another wash
cycle (3 × 5 min), 100 µL of streptavidin–HRP conjugate were
added to each well. The plate was incubated for 30 min (RT,
800 rpm). A last wash cycle (3 × 5 min) was performed and
100 µL of 3,3′,5,5′-tetramethylbenzidine (TMB) were added

1
The volume of stock solution for the two freeze-dried NfL standards
amounts to 480 µL.
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Table 1
Factors recorded for assay validation.
Factor

Description

Number of participants
Sample condition on arrival (°C)
Sample storage prior to analyses (°C)

n = 35
−80 (n = 34), 20 (n = 1)
−80 (n = 33), −40 (n = 1),
−20 (n = 1)
ELISA kit storage prior to analyses (°C) 4 (n = 33), 20 (n = 2)
Delay to start of analysis (days)
14 (8–30)
Pipettes calibrated prior to experiment (18) 51%
100–200 µL (yellow top) pipettes used 100%
for samples
Different pipettes used for preparing
84%
standards
Temperature at which ELISA
25.3 (24.0–26.5)
was performed
Time of color reaction (minutes)
15 (12–15)

The median (IQR), number and percentage are shown.

to each well. After incubating the plate for 15 min (RT) the
color reaction was stopped with 50 µL of stop solution
(0.18 M H2SO4). The absorbance (optical density, OD) of
each well was read at 450 nm (test) and 700 nm (blank).
All laboratories performed only one run.
2.4. Data analysis and strategy for validation
The raw data was sent to London (AP) for analysis and to
Amsterdam (CT) for independent control. The concentration
of the NfL samples was calculated based on each laboratory's
standard curve using the closest three ODs of the quadruplicates. The results were then discussed with each
laboratory. One dataset was again sent to Amsterdam (CT)
for independent control. Results from samples which gave a
higher OD than the highest standard were excluded as this
study did not allow for extrapolation. All raw data were then
subjected to statistical analysis.
SAS software (version 9.2, SAS Institute, Inc., Cary, North
Carolina, USA) was used for all statistical analyses and
graphs. Data was presented as median and interquartile
range (IQR). The coefﬁcient of variation (CV) was calculated
for each measurement as the standard-deviation divided by
the mean. The result was then multiplied by 100 for
expression as a percentage. Correlation analyses were
performed using Pearson's R for normally distributed and
Spearman's R for non-Gaussian data. Partial correlation
analyses were performed on predeﬁned variables: temperature at which the ELISA was performed, time of the
colorimetric reaction, time delay between shipment and
analysis of samples, accuracy of each laboratory in respect to
preparation of standards and intra-assay CV. The data for
each sample was ranked in order to analyse the interlaboratory agreement. The inter-laboratory agreement was
assessed using kappa statistics for multiple raters and
multiple samples (Fleiss, 1971) and rated as described
(Landis and Koch, 1977). The Fleiss' multiple rater kappa
was calculated on those samples successfully measured by
each laboratory using the SAS magree macro (version 1.2).
The conditional kappa for each response category as well as
the overall agreement is presented. In addition, kappa
coefﬁcients were also calculated using the more robust

AC1 statistics introduced by Gwet (2002) using the SAS
inter_rater macro (version 1.0, downloaded from http://
www.stataxis.com/ﬁles/sas/INTER_RATER.TXT).

3. Results
The samples were shipped on dry ice and arrived in
perfect frozen storage conditions in 34 (97%) of the
laboratories (Table 1). In one case the samples were delayed
at an airport for 2 days and arrived defrosted (laboratory
#26). Samples were stored at − 80 °C by 33 of the
laboratories until analysis. The average delay from shipment
of samples to analyses was two weeks (Table 1). All
laboratories used yellow top (100–200 µL) pipettes for
pipetting samples and standards into the ELISA plate. These
pipettes were speciﬁcally calibrated prior to the experiment
by 51% of laboratories. In all other cases pipettes were
calibrated on a routine basis as part of normal laboratory
practice. For the preparation of standards 83% of laboratories
used a different set of pipettes, which were able to handle
larger volumes (up to 1000 µL).
The ELISA kit worked successfully in 33/35 (94%) of the
participating laboratories. In two laboratories, the ELISA did
not work due to very low optical densities (OD b 0.01) in one,
probably reﬂecting a pipetting error due to mismatch of
antibodies. Almost uniformly high ODs were found by
another laboratory (#14), probably reﬂecting cross-contamination. The temperature at which the ELISA was performed
averaged 25 °C (Table 1). The time given for the colorimetric
reaction averaged 14 min (median 15 min).
In nine laboratories the standard curve went into
saturation. In these cases the top standard and samples
with high NfL concentrations (samples #1, #5, #6, #9, #10,
#13 and #14, Fig. 1) had to be excluded. In this study it was
not allowed to extrapolate and therefore we were unable to
calculate the concentration of a sample which fell outside the
range of the standard curve. For this reason the NfL
concentration could not be calculated from the optical density
of 203/801 (26.5%) of all samples (Table 2). The failure rate
was highest for sample #5 (33/2, 94.3%). In contrast, the NfL
concentration could be calculated from the results of all
laboratories for sample #4 (35/35, 100%, Fig. 1). Table 2
summarises the success rate for determining the OD for each
sample and the failure rate for calculating the absolute
concentration. The percentage agreement for the ranking of
samples was higher if the ranking was based on OD instead of
protein concentration for 6 samples (#3, #7, #8, #10, #11,
and #12). The agreement between laboratories for individual
samples ranged from fair (sample #2) to almost perfect
(sample #4, Table 2). The overall agreement was substantial
(Landis and Koch, 1977) using either Fleiss' multi-rater kappa
(overall kappa 0.602, p b 0.0001) or Gwet's AC1 statistics
(overall conditional AC1 0.595, standard error 0.081,
p b 0.0001; unconditional AC1 0.595, standard error 0.084,
p b 0.0001.).
The overall ranking of the absolute protein concentration
was identical to what was found for the OD (Table 2). But only
for one sample (#4) a result was obtained from all
laboratories, preventing calculation of the inter-laboratory
agreement using kappa statistics.
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Fig. 1. The concentration of CSF NfL levels (µg/mL) measured per sample is shown. Individual data points are represented by dots, the box-and-whisker boxes
indicate the median and interquartile (25–75%) range.

large discrepancy in the reported values between the
laboratories. This translated to an average inter-laboratory
assay CV of 59% (median 47%, Fig. 3).

3.1. Intra-laboratory assay CV
The average intra-laboratory assay CV was 3.3% (median
2.7%). The breakdown for each standard and sample is
summarised in Fig. 2. The intra-assay CV was best for high
concentrations of NfL (standard 1: 10,000 ng/mL) and worst
for low concentrations of NfL (standard 8: 0 ng/mL).

3.3. Validation parameters
This validation study was designed to assess the inﬂuence
of quantiﬁable parameters on the inter-laboratory assay CV.
The values of all laboratories were compared to those from
the reference laboratory (London). Using all CSF samples,
there was a weak correlation of the absolute NfL concentration of R = 0.60 (p b 0.0001).

3.2. Inter-laboratory assay CV
The concentration of NfL was calculated based on each
laboratory's standard curve. Fig. 1 shows that there was a

Table 2
Success rates for measuring the OD and calculating the absolute NfL protein concentration for each sample.
Sample
number

OD
Success

Rank

% of labs

Kappa

AC1

Success

Rank

% of labs

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#13
#14
#15
Overall

34/34 (100%)
34/34 (100%)
34/34 (100%)
34/34 (100%)
26/34 (77%)
32/34 (94%)
34/34 (100%)
34/34 (100%)
26/34 (77%)
34/34 (100%)
34/34 (100%)
34/34 (100%)
29/34 (85%)
31/34 (91%)
33/34 (97%)
–

9
6
3
1
–
–
7
4
–
8
5
2
–
–
–
–

72%
65%
68%
100%
–
–
87%
94%
–
74%
62%
68%
–
–
–
–

0.47
0.38
0.47
1.00
–
–
0.79
0.87
–
0.53
0.42
0.47
–
–
–
0.60

0.46
0.36
0.45
1.00
–
–
0.79
0.87
–
0.52
0.41
0.46
–
–
–
0.60

23/34 (68%)
29/34 (85%)
33/34 (97%)
34/34 (100%)
2/34 (6%)
14/34 (41%)
28/34 (82%)
30/34 (88%)
5/34 (15%)
25/34 (74%)
29/34 (85%)
32/34 (94%)
7/34 (21%)
11/34 (32%)
25/34 (74%)
–

9
6
3
1
–
–
7
4
–
8
5
2
–
–
–
–

77%
65%
63%
100%
–
–
77%
89%
–
67%
56%
66%
–
–
–
–

NfL [ng/mL]

The overall rank (1 = lowest rank, 9 = highest rank) of a sample is shown alongside the percentage of laboratories who ranked the sample equally (% of labs). One
laboratory (#14) measured only one sample and was therefore not included into this analysis. The ranking was not calculated for ODs which were not measured by
all of the 34 remaining laboratories. Fleiss' kappa and Gwet's AC1 statistics were calculated on the ranked OD. The conditional kappa for each response category is
shown as well as the overall agreement (there was no difference between Gwet's conditional and unconditional AC1 statistics for this data, therefore only one
column is presented.). Fleiss' kappa and Gwet's AC1 could not be calculated on the protein concentration due to a less than 100% success rate in 8 of 9 ranked
samples. Not available = –.
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3.3.2. Time
Also the time of color development had little inﬂuence on
the results. Correcting for this variable in the partial correlation
analysis, R increased marginally to 0.62 (p b 0.0001).
3.3.3. Delay in analysis
The time delay between sending out the samples and
analysis had no effect on the results (R = 0.60, p b 0.0001).
3.3.4. Laboratory accuracy as estimated by the intra-assay CV
The intra-assay CV (accuracy of each laboratory) had no
effect (R = 0.60, p b 0.0001).

Fig. 2. Intra-assay CV. The bar-chart shows the intra-assay CV for all
standards and samples analyzed. The intra-assay CV averages to 4.0% (small
horizontal bars).

3.3.1. Temperature
The partial correlation analysis demonstrated the inﬂuence of the temperature at which the assay was performed
with R decreasing to 0.58 (p b 0.0001).

3.3.5. Preparation of standards
The greatest inﬂuence on inter-laboratory validation was
found to be variation in the concentration of the standards
used by each laboratory to calculate the CSF NfL concentration
of the samples. This is illustrated by two laboratories which
analyzed the samples only two days apart at almost equal
temperature (26 °C and 27 °C, Table 3). The two standard
curves are not parallel and contain different concentrations of
NfL. Surprisingly the optical densities for the CSF samples are
almost identical (0–2% difference, Table 3). However, the
reported concentration of CSF NfL differed considerably: 43–
53% (Table 3).
It is possible that a non-systematic error was introduced
because 84% of the laboratories used different pipettes to
prepare the standards and pipette the samples (Table 1). In
order to analyse the potential error introduced by differences
in the concentration of the NfL standard, the CSF samples
were normalized separately to the highest optical density for
each laboratory (a one point calibration to a top value of 1).
Comparing these normalized ODs, the correlation of the
results improved to R = 0.72 (p b 0.0001).
Fig. 1 shows that not all laboratories measured the highest
value for the same sample and the inter-laboratory rater
agreement was not perfect for all samples (Table 2). In order to
standardise we selected one sample in which the protein
concentration was available from most of the participating
laboratories. In addition, this sample had a sufﬁcient high
protein concentration to allow for normalization of the
remaining samples. We therefore chose to normalize for
sample 7 (82% success rate for protein concentration,
Table 2). Sample 7 had an average NfL concentration higher
than in six other samples (#2, #3, #4, #8, #11, and #12) with
sufﬁcient success rates to allow for a correlation analysis.
Standardizing the normalization procedure to CSF sample 7
further improved the correlation to R = 0.98 (p b 0.0001, Fig. 4).
3.4. Optimized inter-laboratory assay CV
Optimising the results to the largest effect found (standardisation to CSF sample 7), due to a non-systematic error in
preparation of protein standards, reduced the inter-laboratory
assay CV to an average of 14%. Again, a better CV was found for
CSF samples with a high NfL protein concentration (Fig. 5).
4. Discussion

Fig. 3. Inter-laboratory assay CV. The bar-chart shows the inter-laboratory
assay CV for each individual sample. The averaged inter-laboratory assay CV
is 64.8%.

This validation study identiﬁed parameters inﬂuencing
the inter-laboratory CV. In descending importance these were
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Table 3
Preparation of standards was identiﬁed as the most important parameter inﬂuencing the inter-laboratory CV.
Specimen

Standard 1
Standard 2
Standard 3
Standard 4
Standard 5
Standard 6
Standard 7
Sample 1
Sample 7
Sample 11

Mean OD

Difference

NfL (ng/mL)

Difference

Lab #26

Lab #18

OD (%)

Lab #26

Lab #18

NfL (%)

2.79
1.89
1.22
0.66
0.40
0.23
0.14
2.94
2.35
1.74

3.12
2.92
1.72
0.92
0.47
0.22
0.11
2.96
2.31
1.74

11%
35%
29%
18%
15%
4%
11%
1%
2%
0%

10
5
2.5
1.25
0.625
0.313
0.156
10.899
7.394
4.484

10
5
2.5
1.25
0.625
0.313
0.156
5.075
3.675
2.574

–
–
–
–
–
–
–
53%
51%
43%

In this example the raw data from two laboratories closely matched for other parameters (temperature 27 °C and 26 °C, days between shipment and analysis 30
and 28 days, time of color reaction 15 and 8 min, respectively) are shown. Surprisingly, the optical densities for the CSF samples from these two laboratories are
almost identical (0–2% difference). For the standards the OD varies over a wider range (4–35% difference). This is the reason for the large difference in the reported
results of CSF NfL concentrations (43 to 53%). The concentration for the NfL standards was deﬁned as described in the Analytical procedures. Note that for
laboratory #26 the mean OD of sample 1 (2.94) was higher than the mean OD for the highest standard (2.79). Because we did not allow for extrapolation in this
study this sample would not have been included in the analyses.

the preparation of the standard curve, time of the colorimetric reaction, delay between shipment and sample analysis,
intra-laboratory CV, and temperature during the experiment.
The importance of identifying these factors is highlighted by
the strength of the correlation between the results from the
test and reference laboratories. For uncontrolled conditions
there was only a weak correlation with R = 0.60 with an
inter-laboratory CV of 64.8%. Under controlled conditions this

Fig. 4. Correlation analysis on standardized normalization of the optical
density to CSF sample #7 (R = 0.98, p b 0.0001).

was improved to a correlation of R = 0.98 with an interlaboratory CV of 14%. Under optimal conditions an interlaboratory CV of less than 15% should be achievable.
The most important ﬁnding of this study is the inﬂuence of
the preparation of the standards. Controlling for all other
parameters, this can account for a two-fold difference in
reported values. This variation is in part explained by limited
accuracy of the pipettes. Only half of the laboratories
calibrated their pipettes prior to the experiment. The other
half calibrated their pipettes on a regular basis, which is
generally regarded as good laboratory practice. A limitation of
our study design is that this information was self-reported
and could therefore be a source of unaccounted variation.

Fig. 5. The optimized inter-laboratory CV, based on the normalized mean OD
of the CSF samples as a series is shown. All CSF samples (#2, #3, #4, #8, #11,
and #12) were normalized to CSF sample #7. The optimized inter-laboratory
CV averages 13.8% (median 12%).
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One peculiarity of NfL is that it can self-assemble (Liem and
Hutchison, 1982; Lee et al., 1993; Carter et al., 1998; Perez-Olle
et al., 2002). Thus the formation of aggregates is a possibility.
Aggregates can be dissolved either with time or using
sonication. A difference in the solubilisation of the lyophilized
NfL reference probably accounts for a large part of discrepancies
between laboratories. We suspect that differences between
laboratories in the preparation of the standards is also the likely
cause of the unacceptable high inter-laboratory CV in other
studies (Blankenstein et al., 2005; Lewczuk et al., 2006; Verwey
et al., 2009). At present this key factor is not controlled for by
any of the available ELISA kits for protein biomarkers. It is
important to note that the inter-rater reliability is typically
measured when all raters (e.g. laboratories) operate under
similar conditions. Therefore the identiﬁcation of a new
extragenous factor has two implications. Firstly, the statistical
strength of the kappa coefﬁcient is limited. Secondly, a future
controlled experiment should be conducted to evaluate the
effect of standard preparation on the agreement coefﬁcient.
All enzymes work within a range of temperature. The
enzyme used in this experiment was horseradish peroxidase
(HRP). The colorimetric reaction depends on the oxidation of
3,3′,5,5′-tetramethylbenzidine (TMB) and is optimal around
25 °C at pH 7.0. All experiments were performed under ideal
thermal conditions and correcting for temperature did not
improve the results.
The enzyme activity is calculated as moles of substrate
converted per time unit. Because the time kinetics for HRP are
not completely linear, variation in reaction time can inﬂuence
the outcome of the experiment, particularly if the reaction
reaches saturation. In this study saturation was reached for a
number of samples. As our partial correlation analysis shows,
correcting for time only had a very small effect on the data.
The delay between shipment of samples and analysis is
important for protein biomarkers, which have a limited
stability. NfL has been found to be stable at − 80 °C 10 years
after sampling (Constantinescu et al., 2009). Consistent with
this data a delay in time from shipment to analysis was not
statistically relevant.
There are substantial limitations to this study. Firstly, it was
not possible to control for all extragenous factors. We have
summarised all extragenous factors collected in form of a
table. Secondly, the effect of the now identiﬁed relevance of
standard preparation has not been tested prospectively in a
controlled experiment. We intend to address this issue in a
future study. Thirdly, a number of observations have been selfreported (e.g. calibration of pipettes). Because the participating laboratories are located in different countries and have
limited experimental time, it will be challenging a single
observer to collect this information. Fourthly, to keep this
manuscript focused and transparent, limited use of statistical
analyses was considered necessary. The raw data of our study
has therefore been made available online. We are keen to hear
about alternative statistical approaches to this complex issue,
particularly in dealing with missing ratings which will remain
a problem for this type of reliability study. Many of the present
statistical analyses were correlative. It needs to be borne in
mind that a statistical correlation does not prove causality.
This large validation study on an ELISA for a protein
biomarker demonstrated that the experience and accuracy
(intra-assay CV) of each laboratory had only a minor

inﬂuence on the outcome. This is reassuring, meaning that
any laboratory should be able to use the ELISA, but will need
to establish in-house reference ranges. In a post-hoc analysis
the correlation analysis of the absolute concentration of CSF
NfL levels between two laboratories experienced in the
development of this type of ELISA (London and Gothenburg),
yielded an R of 0.99 (p b 0.0001). Our conclusion from this
result is that at present any treatment trial including NfL as a
protein biomarker may beneﬁt from batch analyses in one
laboratory to ensure the highest degree of accuracy. The low
intra-laboratory CV is encouraging in this respect. Alternatively, the use of an internal laboratory quality control (such
as sample 7 in this study), is strongly recommended. This
study is consistent with previous data showing that human
factors are an important factor adding to inaccuracy (Carraro
and Plebani, 2007). Our results therefore highlight the
importance of a careful adherence to the analytical procedure.
The routine application of this ELISA will require careful
training of staff (to include calibration procedures) in order to
minimise the intra-laboratory inter-assay CV.
In summary this validation study on an ELISA for the
quantiﬁcation of NfL from human CSF revealed difﬁculties,
due to the preparation of accurate and consistent standards.
Even though an unacceptable poor inter-laboratory assay CV
is known also for other proteins, such as tau and amyloidbeta1–42 (Blankenstein et al., 2005; Lewczuk et al., 2006;
Verwey et al., 2009), this is not yet controlled for. Under
optimal conditions an inter-laboratory CV of 14% should be
achievable for this NfL ELISA.
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Abstract
Objective
To evaluate the use of CSF neuroﬁlament light chain (NfL) measurements in clinical practice as
well as their eﬀect on treatment strategies and outcomes in patients with MS.
Methods
This was an observational cohort study of patients with MS who had a CSF NfL measurement
between December 2015 and July 2018 as part of their routine clinical care. Treatment strategies were classiﬁed as “No Treatment/No Escalation” (no treatment or no escalation of
treatment) or “Treatment/Escalation” (ﬁrst-line injectable/oral disease-modifying therapies
(DMTs), highly active DMTs, or treatment escalation). Change in Expanded Disability Status
Scale (EDSS) scores was evaluated after 1-year follow-up.
Results
Of 203 patients with MS, 117 (58%) had relapsing-remitting MS. Disease activity was most
frequently indicated by elevated CSF NfL (n = 85), followed by clinical (n = 81) and MRI
activity (n = 65). CSF NfL measurements were independently associated with clinical (p =
0.02) and MRI activity (p < 0.001). Of those with elevated CSF NfL as the only evidence of
disease activity (n = 22), 77% had progressive MS (PMS). In patients with PMS, 17 (20%) had
elevated CSF NfL as the sole indicator of disease activity. Elevated CSF NfL resulted more
frequently in Treatment/Escalation than normal CSF NfL (p < 0.001). Median EDSS change at
follow-up was similar between patients receiving No Treatment/No Escalation and
Treatment/Escalation decisions (p = 0.81).
Conclusions
CSF NfL measurements informed treatment strategies, alongside clinical and MRI measures.
CSF NfL levels were the only indicator of disease activity in a subset of patients, which was more
pronounced in patients with PMS. Elevated CSF NfL was associated with more Treatment/
Escalation strategies, which had an impact on EDSS outcomes at 1 year.
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1

Glossary
DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; Gd = gadolinium; IQR = interquartile range;
NEDA = no evident disease activity; NfL = neuroﬁlament light chain; PMS = progressive MS; RRMS = relapsing-remitting MS.

The availability of new and more eﬀective disease-modifying
therapies (DMTs) has increased the complexity of MS
management.1 Moreover, the clinical and pathologic heterogeneity throughout the disease course of MS poses major
challenges for treatment decisions.2 Treatment strategies in
MS are largely based on clinical activity (including relapses)
and MRI ﬁndings (new or enlarging T2 lesions and/or
gadolinium [Gd]-enhancing lesions).3,4 However, it is not
possible to capture the full extent of disease activity with these
measures, and the correlation between MRI measures and
clinical disability remains limited.5–7 As a result, treatment
strategies based solely on these disease activity markers may
fail to deliver the best possible long-term outcomes.5
Personalization of MS management is a key goal for all MS
practices. There is, thus, an unmet need for additional biomarkers that enable neurologists to further stratify treatment
strategies and improve outcomes for individual patients. As
elevated CSF neuroﬁlament light chain (NfL) measurements
can indicate ongoing inﬂammation and neuroaxonal degeneration in MS,8,9 measurement of CSF NfL may represent
an additional tool to assist in the treatment decision-making
process. CSF NfL measurements have been shown to correlate
with clinical and radiologic disease activity and predict disability
progression.9–11 Moreover, reduction of CSF NfL measurements also indicates response to treatment.12–14 However, the
utility of CSF NfL measurement in day-to-day clinical practice
remains largely unexplored. Speciﬁcally, we do not know what
form this will take over and above that of clinical and MRI
activity and whether using CSF NfL in the treatment decisionmaking process has any impact on outcomes.
At our center, CSF NfL testing has been provided to assist
treatment decision making since December 2015. In this
cohort study, we aimed to (1) characterize the distribution of
disease activity as measured by CSF NfL, clinical activity, and
MRI activity, (2) evaluate the inﬂuence of CSF NfL measurements on treatment strategies, (3) evaluate the impact of
CSF NfL-based treatment strategies on disability outcomes,
and (4) evaluate the impact of the CSF NfL on our clinical
practice following its introduction.

Methods
Study design and participants
This was an observational cohort study based at Barts Health
NHS Trust, London, United Kingdom. Patients with either
relapsing-remitting MS (RRMS) or progressive MS (PMS)
who underwent CSF NfL measurements between December
2015 and July 2018 were identiﬁed from our institutional
2

database. Inclusion criteria were age ≥18 years, having a
treatment decision that took into account CSF NfL measurements, clinical and MRI assessments, and having an Expanded Disability Status Scale (EDSS) score obtained at least
1 year after the treatment decision.
Standard protocol approvals, registrations,
and patient consents
This study was approved by the London City and East Research Ethics Committee (REC ref: 20/LO/0023). Informed
and signed consent for lumbar puncture was obtained from all
patients. This study was conducted according to the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guideline.15
Demographics and MS disease characteristics
Demographics and disease characteristics were extracted from
the participants’ electronic medical record as follows: age, sex,
type of MS (RRMS or PMS), current DMT status, disease
duration, clinical and radiologic disease activity at baseline,
baseline EDSS score, follow-up EDSS score, and EDSS
change. Disease duration was deﬁned as the number of years
from the ﬁrst episode of focal neurologic dysfunction suggestive of demyelination. The baseline EDSS score was
assessed within 1 year before treatment decision, and the
follow-up EDSS score was assessed at least 1 year after the
treatment decision. EDSS change was calculated by subtracting the follow-up EDSS score from the baseline EDSS
score. Clinical activity was deﬁned as relapses (the occurrence
of new or recurrent neurologic symptoms) and/or sustained
disability progression (i.e., sustained increase from the baseline EDSS score of ≥1.0. over a ≥3-month period). Radiologic
activity was deﬁned as (1) at least 1 clearly identiﬁable new
lesion and/or increase in size of a preexisting lesion on T2weighted MRI and/or (2) at least 1 Gd-enhancing lesion on
contrast-enhanced T1-weighted MRI.
CSF NfL measurements
CSF samples were obtained by lumbar puncture using an
atraumatic procedure16 and collected in polypropylene tubes.
CSF samples were centrifuged at 400 rpm for 10 minutes and
aliquoted and stored at −80°C until use. CSF NfL measurements were measured in the neuroimmunology laboratory at
the Blizard Institute, Queen Mary University of London,
London, United Kingdom, using the commercially available
and validated solid-phase sandwich ELISA from UmanDiagnostics (Umeå, Sweden).17 The test used 2 highly speciﬁc
noncompeting monoclonal antibodies: an NfL-capturing antibody coated to the solid phase of a strip plate and a tracer
antibody conjugated to horseradish peroxidase for the detection of captured NfL protein.17
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CSF NfL measurements (pg/mL) were calculated using a
standard curve according to the manufacturer’s instructions.18
The detection limit of the ELISA was 33 pg/mL. Intra- and
interassay coeﬃcients of variation were below 10%. All NfL
analyses were performed in duplicate. CSF NfL measurements were categorized as normal or elevated according to
age-related reference values deﬁned by the manufacturer.18
These reference ranges have been established in 50 volunteers
that had no apparent neurologic disease based on interviews
by a research nurse and MRI. The healthy subjects were divided into 3 age groups, and the reference levels were deﬁned
as median NfL level + 2 SDs. In patients aged <30 years (n =
17), the cutoﬀ was 290 pg/mL (median 186.4 pg/mL, 2 SD
100), in patients aged between 30 and 39 years (n = 15) 380
pg/mL (median 288.4 pg/mL, 2 SD 94.5), and in patients
aged between 40 and 59 years (n = 18) 830 pg/mL (median
490.6 pg/mL, 2 SD 340).18
Treatment strategies
The Barts MS center has implemented a local strategy of
treating to a target of no evident disease activity (NEDA).
Although we used CSF NfL measurements for NEDA assessment in MS, there was no speciﬁc algorithm for DMT
selection based on NfL testing at our center. The decision on
which DMT to prescribe was at the discretion of each MS
consultant. Treatment strategies were classiﬁed as follows
based on NHS England treatment algorithm and local prescribing policies19: (1) “no treatment” when patients were not
started on any DMT, (2) “no escalation of treatment” when
previously treated patients continued on the same DMT, (3)
“ﬁrst-line injectable and oral DMTs” when treatment naive
patients received beta-interferons, glatiramer acetate, teriﬂunomide, or dimethyl fumarate, (4) “highly active DMTs”
when naive patients received high eﬃcacy oral (ﬁngolimod),
subcutaneous cladribine or infusion therapies (natalizumab,
ocrelizumab, or alemtuzumab), and (5) “treatment escalation” when previously treated patients according to (2) and
(4) were escalated to more eﬀective DMTs. We deﬁned
treatment strategies (1) and (2) as “No Treatment/No Escalation” and (3), (4) and (5) as “Treatment/Escalation.”
Statistical analysis
Categorical variables were described as frequency and
percentages and continuous and ordinal variables by median and interquartile range (IQR). CSF NfL levels were
tested for normality using the Shapiro-Wilk test. As they
were not normally distributed, pairwise comparisons were
conducted with the Kruskal-Wallis test. Frequencies of
grouped treatment strategies per year were compared using
the χ 2 test. Two-way analysis of variance was performed to
model CSF NfL measurements as a function of MRI and
clinical activity taking into account covariates that were
signiﬁcantly associated with CSF NfL measurements. We
checked for signiﬁcant interactions between MRI and
clinical activity and performed a sensitivity analysis in
which extreme NfL values were replaced by the mean ± 3
SDs. A nominal signiﬁcance threshold (p = 0.05) was
Neurology.org/NN

applied, and all tests were 2 sided. All analyses were performed using the statistical package R v3.6.1.
Data availability
All data included in these analyses will be shared as anonymized data via request from any qualiﬁed investigator.

Results
Patient characteristics
A total of 203 patients with MS were included in the study,
with a median age of 44 years (IQR 33–52 years), 123 (61%)
were female and 117 (58%) had RRMS. The median EDSS
score was 3 (IQR 1.5–6), and the median disease duration was
6 years (IQR 2–13 years). At baseline, 169 (83%) patients
were not treated with any DMT (table 1).
The distribution of disease activity as
measured by CSF NfL, clinical activity, and
MRI activity
There was no evidence of clinical or MRI activity or elevated
CSF NfL in 64 patients, whereas in 139 patients, at least 1
category signaled active disease (ﬁgure 1). Among those with
disease activity, all 3 parameters were present in 21 patients
(15%), while the frequency of disease activity was in the order
of elevated CSF NfL (n = 85) > clinical activity (n = 81) >
MRI activity (n = 65). In those without clinical activity, disease activity was still demonstrated in 39 patients through
elevated CSF NfL and in 36 patients having an active MRI,
with 17 patients displaying both (ﬁgure 1). CSF NfL was
associated with MRI activity (p < 0.01) and with Gdenhancing lesions (p < 0.001) (ﬁgure 2, A and B). CSF NfL
was also associated with clinical activity (p < 0.001) and with
relapses (p < 0.01) (ﬁgure 2, C and D).
When integrating both MRI and clinical variables in the same
model, we demonstrated that NfL measurements were independently associated with clinical (b = 391.49, p = 0.02)
and MRI activity (b = 766.31, p < 0.001) (ﬁgure 2E). No
statistically signiﬁcant interaction between MRI activity and
clinical activity was observed in the model (p = 0.06). These
results survived a sensitivity analysis (clinical activity: b =
252.96, p = 0.03; MRI activity: b = 566.94, p < 0.001). CSF
NfL measurements were signiﬁcantly higher in men than in
women (p < 0.001) and were also associated with current
treatment status (p < 0.01), which were both controlled for in
the regression analysis.
The influence of CSF NfL measurements on
treatment strategies
In 22 patients with MS (11%), the only evidence of disease
activity used in the treatment decision-making process was
their elevated CSF NfL measurement (“CSF NfL only” patients). The majority (77%) of these had PMS compared with
42% in the “MRI activity only” and 48% in the “clinical activity
only” subgroup (table 1). CSF NfL only patients had a median
disease duration of 8 years (IQR 4–10.8 years) and a median
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Table 1 Baseline characteristics of the study cohort by disease activity statusa
Patients
with MS
(N = 203)

“NfL only”
patients with
MS (n = 22)

“MRI activity
only” patients
with MS (n = 19)

“Clinical activity
only” patients
with MS (n = 27)

“NfL and clinical
activity” patients
with MS (n = 25)

“NfL and MRI
activity” patients
with MS (n = 17)

“Clinical and MRI
activity” patients
with MS (n = 8)

“NfL, MRI activity, and
clinical activity”
patients with MS (n = 21)

“No activity”
patients with
MS (n = 64)

Female

123 (60.6)

6 (27.3)

13 (68.4)

19 (70.4)

16 (64)

10 (58.8)

6 (75)

11 (52.4)

42 (65.6)

Male

80 (39.4)

16 (72.7)

6 (31.6)

8 (29.6)

9 (36)

7 (41.2)

2 (25)

10 (47.6)

22 (34.4)

44 (33–52)

46 (38.3–57)

46 (39–53)

49 (44.5–59)

33 (29.5–45.5)

35 (27–49.5)

38.5 (33.5–44.5)

33 (28–41)

47 (40–54)

RRMS

117 (57.6)

5 (22.7)

11 (57.9)

14 (51.9)

19 (76)

12 (70.6)

7 (87.5)

17 (81)

32 (50)

PMS

86 (42.4)

17 (77.3)

8 (42.1)

13 (48.1)

6 (24)

5 (29.4)

1 (12.5)

4 (19)

32 (50)

Disease duration,
median (IQR)

6 (2–13)

8 (4–10.8)

8 (2.25–11)

9 (2–16.5)

4 (1–7)

5 (1–14)

3.5 (2.5–4.5)

2 (1–10)

9 (4–18)

Baseline EDSS score,
median (IQR)

3 (1.5–6)

6 (4–6.5)

3 (1.5–6)

3 (2–5.3)

3 (1.5–5.3)

2 (1–4.3)

1.3 (1–1.5)

2 (1–3.5)

4 (2–6.5)

None

169 (83.3)

21 (95.5)

17 (89.4)

23 (85.2)

24 (96)

15 (88.2)

7 (87.5)

17 (81)

45 (70.3)

Alemtuzumab

1 (0.5)

—

—

—

—

—

—

—

1 (1.6)

Beta-interferon

1 (0.5)

—

—

—

—

—

—

—

1 (1.6)

Cladribine
(subcutaneous)

6 (3.0)

1 (4.5)

1 (5.3)

2 (7.4)

—

—

—

1 (4.8)

1 (1.6)

Dimethyl fumarate

8 (4.0)

—

—

1 (3.7)

—

1 (5.9)

1 (12.5)

2 (9.5)

3 (4.7)

Fingolimod

11 (5.4)

—

1 (5.3)

1 (3.7)

1 (4)

—

—

1 (4.8)

7 (10.9)

Glatiramer acetate

1 (0.5)

—

—

—

—

—

—

—

1 (1.6)

Natalizumab

6 (3.0)

—

—

—

—

1 (5.9)

—

—

5 (7.8)

Characteristicb
Sex, no. (%)

Age, median (IQR)
Type of MS, no. (%)

DMTs, no. (%)

Abbreviations: DMT = disease-modifying therapy; EDSS = Expanded Disability Status Scale; IQR = interquartile range; NfL = neurofilament light chain; PMS = progressive MS; RRMS = relapsing-remitting MS.
NfL only, MRI only, and clinical only correspond to patients with MS who had only elevated CSF NfL, clinical activity, or MRI activity, respectively. Combined disease activity groups are also provided.
Each characteristic’s percentage represents their respective weight among the total patients in each disease activity group.

a

b
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Figure 1 Venn diagram illustrating the distribution of disease activity among patients with MS in our cohort (n = 203)

CSF NfL test experience (December
2015–July 2018)
The learning eﬀect and adoption of the CSF NfL test was
evaluated over the period of December 2015 through to July
2018 based on clinical documentation. The proportion of
Treatment/Escalation vs No Treatment/No Escalation
strategies did not diﬀer from year to year in patients with
elevated CSF NfL measurements (p = 0.99) (ﬁgure S1A, links.
lww.com/NXI/A307); while in patients with normal CSF
NfL measurements the proportion of No Treatment/No
Escalation strategies signiﬁcantly increased toward 2018 (p <
0.02) (ﬁgure S1B).

NfL = neurofilament light chain.

baseline EDSS score of 6 (IQR 4–6.5). Distribution of demographic characteristics by disease activity status is summarized in table 1.
In patients with PMS, 62 of 86 (72%) had treatment strategies
including elevated CSF NfL measurements in the process, and
in 17 (20%) an elevated CSF NfL measurement was the only
evidence of disease activity used in the treatment decisionmaking process. In patients with RRMS, 75 of 117 (64%) had
treatment strategies integrating elevated CSF NfL measurements with other measures, and in 5 (4%), elevated CSF NfL
measurements were the only disease activity criterion used in
the treatment decision-making process.
Treatment strategies consisted of No Treatment/No Escalation decisions in 62 patients (30.5%) and Treatment/
Escalation decisions in 141 patients (69.5%) (table 2). Higher
median CSF NfL measurements were observed for patients
ultimately receiving a Treatment/Escalation decision (612
pg/mL) compared with No Treatment/No Escalation patients (264.5 pg/mL) (p < 0.001) (table 2, ﬁgure 3A). In the
No Treatment/No Escalation group, there was little diﬀerence between median CSF NfL measurements of patients for
whom we decided not to treat (264.5 pg/mL) compared with
those whose treatment was not escalated (269 pg/mL). In the
Treatment/Escalation group, there was a stepwise increase in
median CSF NfL values from patients put on ﬁrst-line injectable and oral DMTs (369 pg/mL), to those started on
highly active DMTs (411 pg/mL), and those whose treatment
was escalated (696 pg/mL).
The impact of CSF NfL-based treatment
strategies on disability outcomes
Of the 95 patients in the No Treatment/No escalation group,
the median baseline EDSS score was 2.5 (IQR 1.5–6), and the
median follow-up EDSS score was 2.5 (IQR 1.5–6). Of the
Neurology.org/NN

108 patients in the Treatment/Escalation group, the median
baseline EDSS score was 4 (IQR 1.75–6), and the median
follow-up EDSS score was 4.75 (IQR 2–6). The median
EDSS change was 0 (IQR 0–0.5) in both the No Treatment/
No Escalation and the Treatment/Escalation group. The
change in the EDSS was not found to be diﬀerent at follow-up
between the 2 treatment groups (p = 0.81) (ﬁgure 3B).

Discussion
In the present study, we evaluated the use of CSF NfL measurements to assist treatment strategies for patients with MS
in clinical practice. Although CSF NfL has gained traction in
research as a tool to identify disease activity in MS, it is not
known whether the same applies for clinical practice, particularly that of personalized care. We explored the utility of the
CSF NfL test in real-life practice.
In our cohort, we found that CSF NfL measurements were
elevated in 42% of samples tested. Although CSF NfL closely
aligned with clinical disease activity and MRI activity, all 3
parameters were present together in only a small proportion
of patients (15%). CSF NfL measurements have been shown
to reﬂect both inﬂammatory and neurodegenerative components of MS,8,9,12,20,21 which is supported by our ﬁnding that
CSF NfL was not only associated with relapses and Gdenhancing lesions on MRI but also with our composites of
clinical and radiologic disease activity. However, modeling
CSF NfL with the other 2 disease activity parameters showed
that these associations were largely independent of each
other. Recently, both CSF and serum NfL measurements have
been shown to correlate not only with current but also with
previous clinical and MRI activity in RRMS.22,23 Although
assessments of disease activity (i.e., CSF NfL testing and
clinical and radiologic assessments) were deemed to take
place within a similar time frame, no predeﬁned time intervals
were set for this real-word study. This may explain the lack of
association between CSF NfL measurements and some clinical and MRI measures evaluated in our study. The reasons for
the association between sex and CSF NfL measurements
found in our study remain uncertain. However, our ﬁndings
are in line with the results of other studies showing that CSF
NfL levels are signiﬁcantly higher in men compared with
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Figure 2 CSF NfL is associated with clinical and radiologic activity

Box plots demonstrating the relationship between CSF NfL (n = 203) and (A) MRI activity (new/enlarging lesions and/or Gd-enhancing lesions), (B) Gdenhancing lesions, (C) clinical activity (relapses and/or progression), and (D) relapses. (E) Regression modeling NfL measurements as a function of clinical
activity (relapses and/or progression) and MRI activity (new/enlarging lesions and/or Gd-enhancing lesions). Box-whisker plots represent median, quartiles,
and 1.5 × interquartile range. Gd = gadolinium; NfL = neurofilament light chain.

women in healthy individuals and several neurodegenerative
diseases.24
Most of the patients demonstrating an elevated CSF NfL
measurement as the only evidence of disease activity had a
progressive disease course. This observation was less apparent
when looking at the clinical activity only or MRI activity only
subgroups. Similarly, an elevated CSF NfL measurement was
the only evidence of disease activity used in the treatment
decision-making process in one-ﬁfth of the patients with PMS
within this cohort. This suggests that there is a subgroup of
6

patients with MS with disease activity that may be missed by
relying on clinical activity or MRI disease activity markers
alone.7,25 Although a number of publications report on elevated CSF NfL during relapse in RRMS, subclinical inﬂammatory disease activity in PMS is often overlooked.7
Elevated CSF NfL in isolation may therefore still be acted on
and has the potential to be much more than an aid for
prognostication or treatment response.
Although CSF NfL measurements were only 1 of the 3 pillars
in assessing disease activity during the treatment decision-
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Table 2 Treatment strategies according to CSF NfL measurements
Elevated CSF NfL
measurements (n = 85)

Normal CSF NfL
measurements (n = 118)

All patients (N = 203)

Treatment strategy

No. (%)

Median CSF
NfL (pg/mL)

No. (%)

Median CSF
NfL (pg/mL)

Median CSF
NfL (pg/mL)

No treatment/escalation

4 (4.7)

701

58 (49.2)

239

264.5

No treatment

1 (1.2)

861

35 (29.7)

264

264.5

No escalation of treatment

3 (3.5)

453

23 (19.4)

246

269

81 (95.3)

971

60 (50.8)

297

612

First-line injectable and oral DMTs

15 (17.6)

808

18 (15.3)

169

369

Highly active DMTs

61 (71.8)

996

35 (29.7)

295

411

Treatment escalation

5 (5.9)

682

7 (5.9)

335

696

Treatment/escalation, no. (%)

Abbreviations: DMT = disease-modifying therapy; NfL = neurofilament light chain.

making process, patients with elevated CSF NfL were more
likely to be directed toward Treatment/Escalation strategies
in our study. The EDSS outcomes at follow-up between the
No Treatment/No Escalation and Treatment/Escalation
strategies did not diﬀer signiﬁcantly in this study, suggesting
counterpoise. This is in line with current evidence that more
aggressive treatment strategies lead to better clinical outcomes and higher rates of NEDA.5,26 Moreover, early treatment in MS has been found to reduce the risk of converting
from RRMS to PMS.27–29 As CSF measurements of NfL
predict future disability progression in patients with MS,11
adding CSF NfL measurements in the workup of patients with
MS, starting with the diagnostic lumbar puncture, may help

reﬁne treatment strategies (highly active vs ﬁrst-line
therapies).
A key hurdle for any new biomarker or treatment is the
adoption in clinical practice, which is dependent on evidence combined with the willingness and feasibility to introduce the novelty.30 In our center, we did not detect a
meaningful change in treatment strategies in those with
elevated CSF NfL over time, whereas more No Treatment/
No Escalation decisions were documented in those with
normal CSF NfL measurements toward the end of the study
period. Arguably, although an important reason for the
adoption of CSF NfL has been to identify patients with

Figure 3 The influence of CSF NfL on treatment strategies and disability outcomes

Box plots representing (A) the influence of CSF NfL on No Treatment/No Escalation vs Treatment/Escalation strategies. The horizontal black line indicates the
age-specific reference value for CSF NfL (<30: 290 pg/mL, 30–39: 380 pg/mL, 40–59: 830 pg/mL). (B) EDSS change at 1-year follow-up as a function of treatment
strategies (i.e., No Treatment/No Escalation vs Treatment/Escalation) (n = 203). Box-whisker plots represent median, quartiles, and 1.5 × interquartile range. p
Values were obtained using the Kruskal-Wallis test. EDSS = Expanded Disability Status Scale; NfL = neurofilament light chain.
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active disease for DMT escalation, the test might also have
the beneﬁcial eﬀect of reducing the escalation to highly
active treatments in those with lower disease activity.
However, more detailed qualitative work is needed to explore this in greater detail.
The main limitation of our study is the observational nature of
the recorded data. Data regarding treatment strategies were
retrieved from the electronic medical records and are therefore prone to reporting bias. Therefore, the inﬂuence of
comorbidities, intolerance, or poor adherence to prior treatments and preferences of patients and neurologists on treatment strategies could not be accounted for in our analysis.31
An additional limitation of our study may lie in our categorization of treatment strategies, which was based on NHS
England treatment algorithms and local policies.19 Some of
the patients with higher levels of disability received oﬀ-label
subcutaneous cladribine. Therefore, our results may not always be generalizable to practices elsewhere. We further acknowledge that normative data for CSF NfL age-related
cutoﬀs were based on a small group of individuals. However,
CSF collection is relatively invasive precluding the conduction
of large-scale validation studies with healthy volunteers.
Moreover, CSF NfL age-related cutoﬀs reported by UmanDiagnostics are in line with CSF NfL measurements reported
by others and have also been used in diﬀerent research
settings.20,32 Finally, this was not a randomized study, and we
therefore acknowledge that the diﬀerences of baseline characteristics between groups may not be randomly distributed.
As such, future studies should aim to balance groups to prevent such diﬀerences.
Taken together, the ﬁndings from this study demonstrate
that CSF NfL measurements can be adopted in routine
clinical practice in MS. They complement established
markers of disease activity to guide treatment strategies.
The test may have a speciﬁc utility in patients with PMS
where both clinical and MRI activity are more likely to be
stable. The CSF NfL test has been adopted into our practice
and has an impact on clinical outcomes based on EDSS
progression.
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Neurofilament light as a blood biomarker
for neurodegeneration in Down syndrome
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Abstract
Background: Down syndrome (DS) may be considered a genetic form of Alzheimer’s disease (AD) due to universal
development of AD neuropathology, but diagnosis and treatment trials are hampered by a lack of reliable blood
biomarkers. A potential biomarker is neurofilament light (NF-L), due to its association with axonal damage in
neurodegenerative conditions.
Methods: We measured blood NF-L concentrations in 100 adults with DS using Simoa NF-light® assays, and we
examined relationships with age as well as cross-sectional and longitudinal dementia diagnosis.
Results: NF-L concentrations increased with age (Spearman’s rho = 0.789, p < 0.001), with a steep increase after
age 40, and they were predictive of dementia status (p = 0.022 adjusting for age, sex, and APOE4), but they showed
no relationship with long-standing epilepsy or premorbid ability. Baseline NF-L concentrations were associated with
longitudinal dementia status.
Conclusions: NF-L is a biomarker for neurodegeneration in DS with potential for use in future clinical trials to
prevent or delay dementia.
Keywords: Down syndrome, Alzheimer’s disease, Dementia, Neurofilament light, Biomarker

Background
Down syndrome (DS), caused by the trisomy, translocation, or partial trisomy of chromosome 21, is the most
common genetic cause of intellectual disability (ID), with
an estimated population prevalence of 6 million worldwide. Dementia is a common feature of the aging
process in DS that is due to the triplication of the amyloid precursor protein on chromosome 21, leading to
brain pathology indicative of Alzheimer’s disease (AD)
[1], with a cumulative incidence for dementia in excess
of 90% by the age of 65 [2] and a mean age at dementia
diagnosis of 55 [3]. DS is therefore a genetic form of AD
alongside autosomal dominant causes of AD [4].
Neurofilament light (NF-L) is one of the scaffolding
cytoskeleton proteins of myelinated subcortical axons
[5] and can now be reliably measured in blood using
* Correspondence: andre.strydom@kcl.ac.uk
1
Department of Forensic and Neurodevelopmental Sciences, Institute of
Psychiatry, Psychology and Neuroscience, King’s College London, 16 De
Crespigny Park, London SE5 8AF, UK
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Division of Psychiatry, University College London, London, UK
Full list of author information is available at the end of the article

ultrasensitive single-molecule array (Simoa) technology.
Blood concentration of NF-L correlates well with corresponding cerebrospinal fluid (CSF) measures [6] and
reflects axonal damage in neurological disorders, including frontotemporal dementia [7], multiple sclerosis [8],
and familial and sporadic AD [9, 10]. NF-L correlates
with other measures of disease stage and severity [10],
but the utility of NF-L in populations with other genetic
forms of AD is yet to be fully explored.
Aging in DS is invariably associated with AD pathology, and this condition therefore presents an opportunity to confirm the relationship between NF-L and
progression of AD pathology. Furthermore, DS is a
critically important group for clinical trials of treatments
to prevent and delay AD pathology and dementia symptoms, and a reliable blood biomarker would help to
address disease burden in this vulnerable population by
enabling clinical trials of disease-modifying treatments.
In the present study, we aimed to explore the relationship between plasma NF-L levels, age, and dementia
status in individuals with DS, as well as its independence
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from sex effects, premorbid intellectual ability levels,
and long-standing epilepsy.

Methods
Participants aged 16 years and older were recruited across
England via care homes, support groups, and local NHS
sites. Participants with an acute physical or mental health
condition were excluded until they had recovered; other
details of the cohort have been described previously [11].
DS status was confirmed using DNA from saliva or blood
and genotyped using OmniExpressExome arrays (Illumina,
San Diego, CA, USA); trisomy status was visually confirmed in GenomeStudio software (Illumina) (see Table 1).
Apolipoprotein E (APOE) status was determined using
TaqMan assays for rs7412 and rs429358 (Thermo Fisher
Scientific, Waltham, MA, USA).
Assessment included a detailed interview with carers
using the Cambridge Examination of Mental Disorders of
Older People with Down’s syndrome and others with intellectual disabilities [12] to determine decline in several
domains, including memory. Premorbid ID level was
defined according to the International Classification of
Diseases, Tenth Revision, diagnostic system’s descriptions
of mild, moderate, and severe ID, based on carers’ reports
of the individuals’ best-ever level of functioning [13]. At
baseline, dementia was defined as a confirmed clinical
diagnosis. At follow-up, participants were classified according to whether they had retained or been given a diagnosis of dementia or were being investigated for dementia.
Blood samples from 100 individuals were collected in
lithium heparin tubes (Fisher Scientific UK, Loughborough,
UK) and sent overnight for processing. Blood was layered
over a similar amount of Ficoll (GE Healthcare, Little
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Chalfont, UK), then centrifuged in a swing-out rotor for 40
minutes at 400 × g without braking. Plasma samples were
stored at − 80 °C. Plasma NF-L concentration was measured by the same laboratory technician with reagents from
a single lot using the Simoa NF-light® assay (a digital sandwich immunoassay employing antibodies directed against
the rod domain of NF-L) on an HD-1 Simoa analyzer
according to the protocol issued by the manufacturer
(Quanterix, Lexington, MA, USA). Samples were run in
duplicate, and coefficients of variation (CVs) for duplicates were set to be < 12%. All samples measured
within the range spanned by the limits of quantification
and interassay CV for the high- and low-concentration
quality controls were 6.6% and 8.1%, respectively.
All statistical tests were two-sided, and statistical significance was set at p < 0.05. We tested associations
between plasma NF-L samples and demographic or clinical factors using Mann-Whiney U, Kruskal-Wallis, and
Spearman’s rank correlation tests as appropriate. Associations between plasma NF-L and dementia diagnosis were
tested using logistic regression and log-transformed NF-L
values, with adjustment for age and sex; we also adjusted
for APOE4 status cross-sectionally.

Results
NF-L levels were obtained from 100 participants (age
range 17–73 years). Five results were excluded after
failing to meet CV thresholds, meaning 95 adults were
included in subsequent analyses. Of adults aged 36 and
older who are being targeted for longitudinal follow-up,
29 of 63 (46%) had completed a follow-up assessment at
the time of this report (mean number of months between assessments 23.4, SD 3.9). One individual had

Table 1 Demographics of all participants included in group and subgroup analyses
All participants

Dementia (baseline)

No dementia (baseline)

Participants with follow-up data

94

18

76

29

Age at baseline, years, 42.68 ± 14.87 (17–73)
mean ± SD (range)

55.17 ± 9.92 (40–69)

39.72 ± 14.34 (17–73)

52.63 ± 8.88 (40–72)

DS type

89 (94.7%) trisomy, 2 (2.1%)
translocation, 3 (3.2%)
unknown

18 (100.0%) trisomy

71 (93.4%) trisomy, 2
(2.6%) translocation, 3
(3.9%) unknown

28 (96.6%) trisomy, 1 (3.4%)
unknown

Sex

41 (43.6%) female, 53
(56.4%) male

6 (33.3%) female, 12 (66.7%)
male

35 (46.1%) female, 41
(55.9%) male

10 (34.5%) female, 19 (65.5%)
male

Ethnicity

85 (90.4%) white, 9 (9.6%)
other

17 (94.4.0%) white, 1 (5.6%)
other

68 (89.5%) white, 8 (10.5%)
other

27 (93.1%) white, 2 (6.8%)
other

Predementia ID level

37 (39.4%) mild, 47 (50%)
moderate, 9 (9.6%) severe,
1 (1.2%) unknown

6 (33.3%) mild, 9 (50.0%)
moderate, 3 (16.7%) severe

31 (40.8%) mild, 38 (50%)
moderate, 6 (7.9%) severe, 1
(1.3%) unknown

13 (44.8%) mild, 12 (41.4%)
moderate, 3 (10.3%) severe,
1 (3.4%) unknown

APOE status

68 (72.3%) non-APOE4 carrier, 12 (66.7%) non-APOE4 carrier, 56 (73.7%) non-APOE4 carrier, 22 (75.9%) non-APOE4
carriers, 6 (20.7%) APOE4
18 (23.7%) APOE4 carrier, 2
5 (27.8%) APOE4 carrier, 1
23 (24.5%) APOE4 carrier, 3
carrier, 1 (3.4%) unknown
(2.6%) unknown
(5.5%) unknown
(3.2%) unknown

NF-L level, ng/L,
median (range)

22.74 (6.11–136.91)

Number of subjects

63.76 (15.21–136.91)

19.96 (6.11–116.84)

32.67 (12.23–481.97)

Abbreviations: DS Down syndrome, ID Intellectual disability, APOE Apolipoprotein E, APOE4, Apolipoprotein E E4 allele, NF-L Neurofilament light
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experienced an occlusive cerebrovascular event 4–6
months prior to donating the blood sample and converted to dementia status at follow-up but was an outlier
with an NF-L level of 481.97 ng/L; thus, this individual
was excluded from cross-sectional analysis. Among the
remaining 94 individuals, NF-L concentration had a
median value of 22.74 ng/L (range 6.11–136.91 ng/L). At
baseline, 18 of 94 participants had a clinical diagnosis of
dementia (Table 1).
NF-L levels and relationship with dementia and other
clinical variables

NF-L levels did not differ by premorbid ID level (KruskalWallis test, p = 0.195), sex (Mann-Whitney U test, p = 0.
837) or long-standing epilepsy (Mann-Whitney U test, p =
0.858). NF-L level and age of participants were significantly
correlated (Spearman’s rho = 0.789, p < 0.001) (Fig. 1), such
that those aged 35 and older had significantly higher levels
of NF-L than younger individuals (median 11.52 ng/L vs.
32.42 ng/L, Mann-Whitney U test p < 0.001).
Those with dementia had significantly higher levels of
NF-L (median 63.76 ng/L vs. 19.96 ng/L; Mann-Whitney
U test p < 0.001), and a logistic regression model adjusting
for age, sex, and APOE4 status revealed that NF-L levels
remained predictive of dementia status (p = 0.022).
NF-L and predictive validity for dementia

Seven (24.1%) of 29 individuals with follow-up cognitive
data had a clinical diagnosis of dementia at baseline, all
with the dementia diagnosis retained at follow-up, with
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a further 2 (6.9%) individuals converting to dementia
status by follow-up, whereas 3 (10.3%) participants were
under investigation for dementia at follow-up. Predictive
validity of NF-L levels at baseline was explored by combining individuals with confirmed or suspected dementia
at follow-up (n = 12, median NF-L 77.38 ng/L) and comparing them with those who remained dementia-free
(median NF-L 19.94 ng/L). Higher levels of NF-L at
baseline predicted the likelihood of dementia at followup, even when adjusted for age and sex (p = 0.036).

Discussion
We have demonstrated that NF-L measured in blood
using an ultrasensitive assay is strongly associated with
age and dementia status in individuals with DS, and
baseline levels were predictive of dementia diagnosis
over time. Furthermore, NF-L levels did not differ according to severity of premorbid ID or by long-standing
epilepsy diagnosis (a common neurological comorbidity
in DS), suggesting that it is a stable and feasible biomarker that can be used in clinical populations.
Our results indicate that this marker could pinpoint the
onset of neurodegeneration in DS. NF-L showed an age
relationship in keeping with postmortem data and amyloid
positron emission tomography studies of AD pathology in
adults with DS [1, 14, 15]. In familial AD, serum NF-L
concentration is increased prior to symptom onset and
correlates with measures of disease stage and severity [10].
In sporadic AD, plasma NF-L concentration is increased
already in the mild cognitive impairment stage of the

Fig. 1 Neurofilament light (NF-L) concentration by age and dementia status of individuals with Down syndrome
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disease and correlates with cognitive hallmarks of the disease [9]. Our results show that NF-L has similar relationships with clinical dementia diagnoses in DS. Substantial
neurodegeneration associated with the buildup of amyloid
likely occurs before a threshold for dementia diagnosis is
reached, and like the presence of amyloid plaques preceding the clinical signs by several decades, NF-L levels may
be increased some time before onset of significant symptoms, in keeping with some degree of neurodegeneration
prior to clinical impact. Further longitudinal studies may
elucidate the relationship between NF-L levels and development of symptoms in genetically predisposed populations such as DS.
Although NF-L is a marker of axonal damage, and
thus not specific to AD [7–9, 16], in a population such
as DS where AD is almost always the cause of dementia,
the lack of specificity is arguably less of an issue, and
NF-L could potentially be used as a biomarker in treatment trials. Recent studies in rodent models of neurodegenerative diseases showed that NF-L levels in CSF and
plasma responded to experimental manipulation and targeted therapy [17], and normalization of serum/plasma
NF-L in response to treatment has already been demonstrated in patients with multiple sclerosis [8, 18]. These
findings suggest that NF-L may be a useful biomarker of
response to treatment.
The relationship between serum NF-L levels and genetic
markers and other AD biomarkers, including markers of
inflammation and oxidative stress (both of which are
increased in DS and associated with cognitive decline
[19–22]), could also be explored in future research to refine prediction of cognitive decline and to stratify patients
with Down syndrome according to dementia risk for
clinical trials of potential treatments.

Conclusions
Although further work is required to establish long-term
predictive and concurrent validity of NF-L, our data suggest that this biomarker could be instrumental in allowing an experimental medicine approach in individuals
with DS and other high-risk populations to test treatments that might prevent or delay dementia onset.
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A multicentre validation study of the diagnostic
value of plasma neuroﬁlament light
Nicholas J. Ashton 1,2,3,4 ✉, Shorena Janelidze5, Ahmad Al Khleifat 6, Antoine Leuzy5,
Emma L. van der Ende7, Thomas K. Karikari 1, Andrea L. Benedet8,9, Tharick A. Pascoal8,9, Alberto Lleó 10,11,
Lucilla Parnetti12, Daniela Galimberti 13,14, Laura Bonanni15, Andrea Pilotto16,17, Alessandro Padovani16,
Jan Lycke 18,19, Lenka Novakova18,19, Markus Axelsson18,19, Latha Velayudhan 3,20, Gil D. Rabinovici21,22,
Bruce Miller21, Carmine Pariante 23, Naghmeh Nikkheslat23, Susan M. Resnick24, Madhav Thambisetty25,
Michael Schöll 1,2,26, Gorka Fernández-Eulate 27,28, Francisco J. Gil-Bea27,29,
Adolfo López de Munain27,28,29,30, Ammar Al-Chalabi 6,31, Pedro Rosa-Neto8,9, Andre Strydom32,33,34,
Per Svenningsson3,35, Erik Stomrud5,36, Alexander Santillo5, Dag Aarsland3,4,37, John C. van Swieten7,
Sebastian Palmqvist 5,38, Henrik Zetterberg 1,26,39,40, Kaj Blennow 1,39, Abdul Hye3,4,37,41 &
Oskar Hansson 5,36,41 ✉

Increased cerebrospinal ﬂuid neuroﬁlament light (NfL) is a recognized biomarker for neurodegeneration that can also be assessed in blood. Here, we investigate plasma NfL as a
marker of neurodegeneration in 13 neurodegenerative disorders, Down syndrome, depression
and cognitively unimpaired controls from two multicenter cohorts: King’s College London
(n = 805) and the Swedish BioFINDER study (n = 1,464). Plasma NfL was signiﬁcantly
increased in all cortical neurodegenerative disorders, amyotrophic lateral sclerosis and atypical parkinsonian disorders. We demonstrate that plasma NfL is clinically useful in identifying atypical parkinsonian disorders in patients with parkinsonism, dementia in individuals
with Down syndrome, dementia among psychiatric disorders, and frontotemporal dementia in
patients with cognitive impairment. Data-driven cut-offs highlighted the fundamental
importance of age-related clinical cut-offs for disorders with a younger age of onset. Finally,
plasma NfL performs best when applied to indicate no underlying neurodegeneration, with
low false positives, in all age-related cut-offs.

A full list of author afﬁliations appears at the end of the paper.
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n the management of neurological disorders, reliable and
easily accessible biomarkers are needed to recognize or rule
out an underlying neurodegenerative process contributing to
cognitive decline at the earliest stage. Cerebrospinal ﬂuid (CSF)
biomarkers for amyloid-β (Aβ42), total tau (T-tau), and phosphorylated tau (P-tau) work well to identify certain neurodegenerative disorders such as Alzheimer’s disease (AD) and its
underlying pathology1 and are central to the biological deﬁnition
of the disease2. However, at this time, no such ﬂuid biomarkers
are available for other common or rarer neurodegenerative
disorders.
Axonal degeneration or injury is a predominant feature of
many neurodegenerative disorders that results in irreversible
impairment. In response to such damage, neuroﬁlament light
chain (NfL), a structural component of the neural cytoskeleton, is
released into the extracellular space initiating a concentration
increase in the CSF3. These elevations are observed in the
majority of neurodegenerative disorders4 along with
inﬂammatory5, traumatic6, and vascular conditions7. Nonetheless, even under normal circumstances, NfL is continuously
released from axons in an age-dependent manner with typical
NfL reference ranges in the CSF increasing by twofold between
ages 20–50 years and further doubling by the age of 708,9. A
considerable drawback of CSF NfL, and consequently all CSF
biomarkers, is the perceived invasiveness or complexity attached
to lumbar punctures which will undoubtedly limit use for routine
clinical assessment.
Recent advances in ultrasensitive immunological assays10–14
and
immunoprecipitation
mass
spectrometry
(IPMS)
methods15–17 have been developed for the quantiﬁcation of
Aβ42/Aβ4012,15,16 and P-tau11,13,18,19 in blood, and like CSF,
they demonstrate high speciﬁcity for AD-type pathology. NfL can
be quantiﬁed at femtomolar concentrations in plasma or serum,
which has enabled the reliable detection of NfL not only in
symptomatic patients but also in cognitively unimpaired (CU)
individuals of all ages20. A key advantage of peripheral NfL over
other postulated blood biomarkers is that it shows a strong correlation to CSF NfL levels across several diagnostic groups, supporting the notion that blood NfL reﬂects central nervous system
pathophysiology with negligible peripheral interference. Consequently, numerous CSF NfL ﬁndings have been replicated in
blood, including increased concentrations of blood NfL in
AD21–23, frontotemporal dementia (FTD)24, and several other
disorders (for review see ref. 25). Interestingly, NfL is seemingly
not elevated in Parkinson’s disease (PD) in comparison to other
neurodegenerative disorders and therefore discrimination can be
made from atypical parkinsonian disorders26,27. Furthermore,
developing evidence demonstrates the potential use of using
plasma NfL in discriminating FTD and primary psychiatric
disorders28,29. This suggests that plasma does have differential
diagnostic potential in clinically relevant situations.
The context of the use of a blood biomarker, such as NfL, is in
primary care or memory clinics care where it could be used as a
rapid screening tool to identify or reject neurodegeneration as an
underlying cause of cognitive symptoms30. To achieve this at the
individual level, reference values to indicate neurodegeneration
need to be established which results in a low rate of false positives.
In this study, we examined 2269 individuals from two independent multicentre cohorts to ﬁrst demonstrate the distributions of
plasma NfL in CU individuals, the AD continuum and a broad
range of neurodegenerative disorders, Down syndrome, and
depression. Second, we examined the diagnostic utility of plasma
NfL in terms of effect size, the area under the curve (AUC),
speciﬁcity, and sensitivity when differentiating relevant neurodegenerative diseases from each other and CU individuals.
Finally, age-related and data-driven plasma NfL concentration
2

cutoffs were derived to indicate neurodegeneration and these
were tested to predict the prevalence of abnormal NfL in neurodegenerative disorders, Down syndrome, depression, and CU
individuals.
Results
The demographic and clinical data for the KCL and Lund cohorts
are displayed in Tables 1 and 2. A full description of the demographic variables and the relation of plasma NfL with age, sex,
APOE ε4 carrier status, disease severity measures, and CSF NfL
are fully are described in Supplementary Results 1–3 and presented in Supplementary Results Tables 2–4.
Plasma NfL concentrations in cognitively unimpaired and
neurodegenerative disorders. Plasma NfL levels (unadjusted for
age) for CU and diagnostic groups in the KCL and Lund cohorts
are displayed in Fig. 1A and B, respectively. In the KCL cohort,
the concentrations of plasma NfL were signiﬁcantly increased in
all cognitively impaired, parkinsonian, DSAD, and ALS compared
to the CU Aβ− group (P < 0.0001, Fig. 1A), with the exception of
PD, DS, depression, and EOAD groups. When adjusting for age,
EOAD patients had signiﬁcantly higher NfL levels as compared to
those of CU Aβ− group (P = 0.001). Highly signiﬁcant increases
of plasma NfL were observed in all cognitively impaired and
atypical parkinsonian groups as compared to PD (P < 0.0001).
However, FTD and ALS were the only groups showing signiﬁcantly higher plasma NfL levels in comparison to AD
dementia (P < 0.05 and P < 0.0001, respectively). Plasma NfL
levels in CU Aβ+ were also signiﬁcantly higher as compared to
CU Aβ− individuals (P < 0.05).
Similar ﬁndings were found in the Lund cohort where the
concentrations of plasma NfL were signiﬁcantly increased in all
disorders when compared to the CU Aβ−, CU Aβ+ , SCD Aβ−,
SCD Aβ+ groups (P < 0.0001), and MCI groups (P = 0.001), with
nonsigniﬁcant differences in PD and EOAD. Age adjustment did
demonstrate a signiﬁcant increase in the EOAD patients in
comparison to Aβ− (P = 0.001) but not to Aβ+ control groups.
However, unlike the KCL cohort, when comparing unimpaired
groups, no signiﬁcant increase was observed in CU Aβ+, SCD
Aβ−, and SCD Aβ+ when compared with CU Aβ− individuals.
AD dementia was signiﬁcantly increased compared with all CU,
MCI, and PD groups (P < 0.0001), as well as EOAD (P < 0.005),
but not signiﬁcantly different from EOAD after age correction.
When combining the two cohorts, the largest effect sizes
against CU Aβ− group were observed for DSAD (Hedges g =
1.87), MSA (Hedges g = 1.25), ALS (Hedges g = 1.19), CBS/PSP
(Hedges g = 0.96), and FTD (Hedges g = 0.84). Medium effect
sizes (Hedges g < 0.5) were observed for VaD and AD dementia
(Fig. 2A). However, only small effect sizes existed in MCI groups
(Hedges g < 0.1). When measuring the effect size of plasma NfL
against the PD group (Fig. 2B), large effects sizes were observed
for atypical parkinsonian disorders (CBS/PSP, Hedges g = 2.0;
MSA, Hedges g = 1.4) and also large effect sizes for some
cognitive impairment disorders (VaD, Hedges g = 1.88; FTD,
Hedges g = 1.4; PDD/DLB, Hedges g = 1.1, AD dementia, Hedges
g = 1.0). In contrast, only medium or small effect sizes were
demonstrated when comparing AD dementia to other cognitive
impairment disorders (Fig. 2C).
Accuracy of plasma NfL in differentiating neurodegenerative
disorders. Next, we investigated the diagnostic accuracies of
plasma NfL in differentiating among neurodegenerative disorders
and also from CU groups. AUC values for the KCL and Lund
cohorts are displayed in Fig. 3A and B, respectively. The 95%
conﬁdence intervals (CI) of AUC, sensitivity, and speciﬁcity
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DS
29
50.4 (11.4)
10 (34.5)
4
(14.8) [2]
27.3 (2.6)
17.8
(10.3) [22]
1.9
(0.6) [22]
20.2 (4.2)
20.1 (2.3)

1.61 (0.2)

2.2 (0.5)

PD
140
65.5 (10.0)
52 (37.1)
PDD/DLB
59
77.5 (6.4)
32 (54.2)

921 (385)
405 (103)
1.81 (0.3)

413 (120)

MCI Aβ+
31
69.6 (7.0)
16 (51.6)
15
(50.0) [1]
26.0 (2.2)
MCI Aβ−
55
70.7 (6.36)
29 (52.7)
20
(38.5) [3]
26.0 (3.2)
CU Aβ+
28
66.3 (7.7)
13 (46.4)
8
(30.8) [2]
29.0 (1.0)

CSF Aβ, mean (SD)
Aβ PET

Diagnostic delay, months
[missing]
HAM-D

Hoehn & Yahr scale

675 (352)
1.55 (0.5)

999 (317)
1.29 (0.1)

CU Aβ−
130
64.0 (14.1)
63 (54.8)
18
(28.1) [51]
29.4 (1.0)
805
63.6 (14.6)
413 (48.5)
131
(35.1) [479]
24.3 (5.8)
24.8
(10.9) [24]
2.3
(0.7) [24]
7.8 (6.9) [7]
Characteristics
Number
Age, years, mean (SD)
Female, n (%)
APOE e4 carriers, n (%)
[missing]
MMSE, mean (SD)
UPDRS-III

Cognitively unimpaired

Table 1 Demographics of the KCL cohort.

Cognitive impairment

EOAD
59
57.8 (5.2)
32 (49.2)
8
(34.8) [42]
22.2 (6.5)

434 (155)
2.08 (0.4)

AD
102
76.1 (6.2)
55 (53.9)
43
(47.3) [11]
19.9 (6.7)

1.22 (0.3)

FTD
54
65.4 (9.5)
23 (42.6)
9
(25.0) [18]
25.9 (4.5)

Parkinsonian

CBS/PSP
19
70.4 (8.4)
10 (52.6)
3
(25.0) [7]
23.1 (5.3)
36.5
(20.3) [2]
2.8
(0.9) [2]

Other

DSAD
12
59.1 (9.8)
4 (33.3)
3 (25.0)

7.8
(6.9) [7]

ALS
50
62.2 (12.5)
13 (26.0)

Depression
37
32.3 (6.9)
35 (68.6)

>13 = 15 >17
= 22
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estimates can be found in Supplementary Tables 5–6 and Supplementary Fig. 4.
As expected, ROC analyses for plasma NfL demonstrated low
accuracy in separating CU Aβ− from CU Aβ+ , SCD, and MCI
groups (AUC = 52–65%), but performed better for identifying
AD dementia (KCL, AUC = 79%; Lund, AUC = 80%) with
superior speciﬁcity (76–78%) than sensitivity (65–67%). High
AUCs (>80%) were also found in distinguishing CU Aβ− from
atypical parkinsonian in both cohorts and DS, DSAD, FTD, and
ALS in the KCL cohort. Plasma NfL also performed well in
identifying atypical parkinsonian disorders from PD patients with
very high speciﬁcity in the KCL cohort (AUC = 86%; sensitivity
= 56%; speciﬁcity = 89%) which was observed in the Lund cohort
for both CBS/PSP (AUC = 95%; sensitivity = 51%; speciﬁcity =
100%) and MSA (AUC = 88%; sensitivity = 57%; speciﬁcity =
90%). Plasma NfL had a high accuracy in differentiating DS from
DSAD (AUC = 91%; sensitivity = 100%; speciﬁcity = 71%). A
moderate AUC in differentiating FTD from ALS (AUC = 72%)
but higher for distinguishing FTD from depression (AUC = 85%)
was observed. Low AUC’s were observed for differentiating AD
dementia from other cognitive impairment disorders (e.g., VaD,
PDD/DLB, FTD) and also PDD/DLB from atypical parkinsonian
disorders.
In an additional analysis, combining the KCL and Lund
cohorts, we investigated the diagnostic accuracy of plasma NfL to
separate cognitively normal individuals (CU and SCD) from all
neurodegenerative disorders (including MCI). This was performed in individuals >65 years (Fig. 4A) and <65 years (Fig. 4B)
separately. We found that in individuals >65 years, plasma NfL
had relatively good accuracy in identifying neurodegenerative
disorders (irrespective of indiviudal diagnosis) from controls
(AUC = 0.829, 95% CI, 0.82–0.86; Fig. 4A) but was less accurate
if PD patients were included in the neurodegenerative disorder
group (AUC = 0.74, 95% CI, 0.69–0.78; Fig. 4A). However, in
individuals <65 years, plasma NfL demonstrated a higher
accuracy in identifying neurodegenerative disorders from controls (AUC = 0.90, 95% CI, 0.86–0.93; Fig. 4B). Once more,
adding PD patients into the neurodegenerative disorder group
signiﬁcantly reduced the diagnostic accuracy (AUC = 0.75, 95%
CI, 0.70–0.78; Fig. 4B). Lastly, we compared the depression group
in comparison to <65 years controls and neurodegenerative
disorders (Fig. 4C). Plasma NfL exhibited high diagnostic
performance in determining neurodegenerative disorders and
depression (AUC = 0.948, 95% CI, 0.92–0.97), this remained
highly accurate even when adding in PD patients (AUC = 0.896,
95% CI, 0.86–0.94).
Concentration cutoff points for neurodegeneration using
plasma NfL. Three cutoff points of plasma NfL concentration for
neurodegeneration were applied (a) 90%, (b) 95%, and (c) 99% CI
of CU Aβ− participants. Additional methods for cutoffs for
plasma NfL were also derived by two other approaches (i) mean
plus 2 standard deviations of the CU Aβ− participants and (ii)
Gaussian mixture modeling. The cutoffs were performed and
generated in the KCL cohort and then tested in the Lund cohort.
The cutoff concentrations for all methods are reported in Supplementary Table 7.
The performance of concentration cutoffs based on CI of CU
Aβ− participants of all ages is demonstrated in Fig. 5. This
method, which was derived in the KCL cohort, calculated plasma
NfL concentration cutoffs at 35.02 pg/mL, 38.04 pg/mL, and
50.00 pg/mL for the 90%, 95%, and 99% CI of the CU Aβ−
participants, respectively. In both the KCL and Lund cohorts, a
more stringent cutoff (99% CI) demonstrated relatively low false
positives for all CU groups and also for depression, PD and
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3435 (1280)
2577 (1345)
888 (640)
1758 (794)
1589 (1030)
4590 (1230)
1549 (1162)
1599 (1495)
1332 (887)
935 (470)

0.06 (0.02)
0.13 (0.03)
0.06 (0.02)
0.13 (0.02)

1066 (870)
1107 (770)
894 (515)

1845 (1572)

0.08 (0.03)
0.11 (0.03)
0.06 (0.02)
0.13 (0.02)

0.06 (0.04)

21.3
(4.0) [3]
20.6
(4.5) [1]
26.8
(1.8) [4]
27.3
(1.9) [2]
28.2
(1.6) [5]
28.7
(1.3) [4]
28.8
(1.1) [0]
29.0
(1.1) [2]

0.07 (0.03)

N/A

0.11 (0.04)

0.13 (0.02)

0.12 (0.03)

41.8
(22.1) [2]
3.9 (1.1) [2]
41.9
(18.5) [4]
3.9 (1.0) [4]
16.9
(10.4) [23]
1.9
(0.8) [23]

81
(66.4) [12]
6
(54.5) [12]
116
(70.3) [0]
27
(23.5) [0]
48
(64.0) [0]
33
(24.8) [1]
65
(63.1) [0]
46
(17.1) [4]

34.4
(14.7) [20]
3.0
(0.8) [20]

27.2
(2.7) [2]
25.5
(4.5) [4]
28.0
(2.0) [0]
22.3
(4.5) [11]
22.3
(3.9) [7]
23.3
(5.8) [51]

6 (22.2) [2]
7 (35.0) [4]
44
(29.9) [24]
9
(45.0) [2]
18 (41.9) [3]

10 (45.5)
15 (62.5)
63 (36.8)
13 (44.8)
15 (32.6)
77 (57.5)

32 (42.7)

36 (31.3)

79 (47.9)

14 (60.9)

79 (59.0)
64 (62.1)
160 (58.6)

EOAD
23
59 (3.5)
MCI Aβ+
165
72 (4.5)
SCD Aβ+
75
72 (5.3)
SCD Aβ−
134
69 (5.7)

Characteristics
Number
1464
Age, years,
70 (7.1)
mean (SD)
Female,
734 (50.1)
n (%)
APOE e4
507
carriers, n
(40.4) [210]
(%)
[missing]
26.8
MMSE,
(3.8) [96]
mean (SD)
[missing]
UPDRS-III
33.75
[missing]
(15.1) [49]
Hoehn &
3.2
Yahr scale
(0.9) [49]
[missing]
CSF Aβ42/
0.10 (0.04)
Aβ40
CSF NfL
1321 (1158)

Table 2 Demographics of the Lund cohort.
4

77 (51.3)

PD
171
65 (10.7)
MCI Aβ−
115
69 (5.6)
CU Aβ+
103
73 (5.5)
CU Aβ−
273
72 (6.5)

AD
134
75 (5.2)
Cognitive impairment
Cognitively unimpaired

FTD
150
64 (8.8)

PDD/DLB
46
73 (6.9)

VaD
22
64 (5.7)

Parkinsonian

CBS/PSP
24
72 (4.4)

MSA
29
76 (4.4)
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EOAD (0–12%). A more moderate cutoff (CI 90–95%) demonstrated higher percentages of false positives in the same groups
(0–25%). On the other hand, the 99% CI cutoff failed to identify
neurodegeneration with a high degree of accuracy in disease
groups, whereas a 90% CI accurately classiﬁed >75% of
participants with neurodegenerative disorders in the Lund cohort;
VaD (77%), AD (79%), CBS/PSP (87%), FTD (88%), and MSA
(89%). Similar ﬁndings were also observed in the KCL cohort,
although the % abnormal for plasma NfL was lower for AD (68%)
but higher for PDD/DLB (KCL = 78%; Lund = 68%). Concentration cutoffs of plasma NfL identiﬁed neurodegeneration in FTD
(>75%), CBS/PSP (>80%), ALS (98–100%) and DSAD (100%)
with very high accuracy. Plasma NfL cutoffs were then tested in
ADNI participants (n = 870) to replicate the ﬁndings for AD
dementia (Supplementary Fig. 5). Similar to the KCL and Lund
cohorts, a 99% CI cutoff exhibited relatively low false positives in
CU groups (<10%), whereas for AD dementia, a 90% CI cutoff
correctly classiﬁed >75% of cases. Unlike the KCL and Lund
cohorts, ADNI participants classiﬁed as MCI Aβ+ had a
signiﬁcantly higher (P < 0.001) percentage of individuals with
abnormal NfL above a 90% CI cutoff (61%) than MCI Aβ−
(49%).
Due to the strong relationship between age and NfL, agerelated cutoffs were also determined (Supplementary Table 7).
First, we tested >65 year cutoff, combining the KCL and Lund
cohorts (n = 1646, Fig. 6A). As expected, the cutoff derived from
CU participants aged 65+ yielded marginally higher plasma NfL
cutoffs than previously described for 90%, 95%, and 99% CIbased approaches (37.02, 46.00, 54.80 pg/mL). While no major
differences were observed from Fig. 5, lower percentages of
abnormal plasma NfL were observed for Aβ− CU and SCD were
lower (6%) as well as the PD group (7%) for the 99% CI cutoff as
compared to the cutoff derived from all ages.
Concentration cutoffs in CU participants aged <65 were
substantially lower; 19.37, 21.50, and 30.01 pg/mL, respectively,
and were tested in participants in the KCL and Lund cohorts
combined (n = 653, Fig. 6B). Firstly, with this age-related cutoff,
abnormal levels of NfL were found in 100% of patients diagnosed
with MSA, ALS, and DSAD regardless of % CI employed.
Secondly, identifying abnormal NfL vastly improved in FTD
(>90%), CBS/PSP (>90%), PDD/DLB (84%), and MCI groups
(40–80%). While these improvements were seen for disorder
groups, false positives for abnormal plasma NfL remained low for
Aβ− controls (CU and SCD), depression, and PD (0–7%).
Interestingly, higher rates of abnormal plasma NfL were now
detected in CU and SCD that were Aβ+ (>22% in 90% CI; >60%
in 99% CI). Similarly, greater rates of abnormal plasma NfL were
also observed in MCI Aβ+ compared with MCI Aβ−. Finally,
improved rates of abnormal plasma NfL were observed in EOAD
when utilizing an age-related cutoff (77%, 90% CI) which was
comparable to abnormal NfL in AD using the >65-year cutoff.
Interestingly, a small percentage (12%) of depression participants
demonstrated abnormal plasma NfL when using an ageappropriate cutoff for this diagnostic group.
Discussion
This study, to the best of our knowledge, includes the largest and
most diverse investigation for plasma NfL comprising 2269 participants from CU individuals and 13 neurodegenerative disorders, Down syndrome, and depression. First, our ﬁndings
corroborate, on a large scale, the globally increased plasma NfL
concentration in major neurodegenerative disorders. Second,
while these increases are seemingly not disease-speciﬁc, we
demonstrate that plasma NfL is clinically useful in differentiating
atypical parkinsonian disorders from PD, in identifying dementia
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Fig. 1 The concentrations of plasma NfL for different diagnostic and controls groups in the KCL and Lund cohorts. Plasma neuroﬁlament light (NfL) in
different diagnostic groups; KCL (A n = 805) and Lund (B n = 1464) cohorts. For each plot, the horizontal bar shows the median, and the upper and
lower boundaries show the 25th and 75th percentiles, respectively. Source data are provided as a Source Data ﬁle. KCL Cohort—AD Alzheimer’s disease
(n = 102), ALS amyotrophic lateral sclerosis (n = 50), CU Aβ− cognitively unimpaired without Aβ pathology (n = 130), CU Aβ+ cognitively unimpaired
with Aβ pathology (n = 28), CBS/PSP corticobasal syndrome and progressive supranuclear palsy (n = 19), depression (n = 37), DS Down syndrome
(n = 29), DSAD Down syndrome Alzheimer’s disease (n = 12), EOAD early-onset Alzheimer’s disease (n = 59), FTD frontotemporal dementia (n = 54),
MCI Aβ− mild cognitive impairment without Aβ pathology (n = 55), MCI Aβ+ mild cognitive impairment with Aβ pathology (n = 31), PD Parkinson’s
disease (n = 140), PDD/DLB Parkinson’s disease dementia and dementia with Lewy bodies (n = 59). Lund Cohort—AD Alzheimer’s disease (n = 134),
CU Aβ− cognitively unimpaired without Aβ pathology (n = 273), CU Aβ+ cognitively unimpaired with Aβ pathology (n = 103), CBS/PSP corticobasal
syndrome and progressive supranuclear palsy (n = 24), EOAD early-onset Alzheimer’s disease (n = 23), FTD frontotemporal dementia (n = 150), MCI
Aβ− mild cognitive impairment without Aβ pathology (n = 115), MCI Aβ+ mild cognitive impairment with Aβ pathology (n = 165), MSA multiple system
atrophy (n = 29), PD Parkinson’s disease (n = 171), PDD/DLB Parkinson’s disease dementia and dementia with Lewy bodies (n = 46), SCD Aβ−
subjective cognitive decline without Aβ pathology (n = 134), SCD Aβ+ subjective cognitive decline with Aβ pathology (n = 75), VaD vascular dementia
(n = 22).

Fig. 2 Effect sizes of neurodegenerative disorders as compared to amyloid-negative cognitively unimpaired controls, Parkinson’s disease and
Alzheimer’s disease. Effect sizes (Hedges’s g) of different neurodegenerative disorders as compared to amyloid-negative cognitively unimpaired controls
(A n = 403), Parkinson’s disease (B n = 311), and Alzheimer’s disease (C n = 236). The bars represent the mean effect size for the cohort, whereas the
error bars represent the standard deviation of effect size when considering the KCL and Lund cohorts separately. Those without error bars (e.g., VaD) are
only included in one cohort. AD Alzheimer’s disease (n = 236), ALS amyotrophic lateral sclerosis (n = 50), CU Aβ− cognitively unimpaired without Aβ
pathology (n = 403), CBS/PSP corticobasal syndrome and progressive supranuclear palsy (n = 43), depression (n = 37), DS Down syndrome (n = 29),
DSAD Down syndrome Alzheimer’s disease (n = 12), EOAD early-onset Alzheimer’s disease (n = 82), FTD frontotemporal dementia (n = 204), MCI
Aβ− mild cognitive impairment without Aβ pathology (n = 170), MCI Aβ + mild cognitive impairment with Aβ pathology (n = 196), MSA multiple system
atrophy (n = 29), PD Parkinson’s disease (n = 311), PDD/DLB Parkinson’s disease dementia and dementia with Lewy bodies (n = 105), VaD vascular
dementia (n = 22).

in Down Syndrome, distinguishing neurodegenerative disorders
from depression in older adults and, potentially, identifying
frontotemporal dementia in patients with cognitive impairment.
It was also apparent that the capabilities of plasma NfL to detect
neurodegeneration were superior in younger (<65 years) than
older (>65 years) individuals. However, NfL provides limited
information in separating speciﬁc disorders of cognitive

impairment (e.g., FTD vs AD), prodromal (e.g., CU vs SCD or
MCI), or preclinical conditions (e.g., CU Aβ− vs CU Aβ+).
Lastly, we derived data-driven and age-related concentration
cutoffs that give relatively low false positives of abnormal plasma
NfL but also indicate neurodegeneration in cortical neurodegenerative disorders, parkinsonian, and other neurogenerative
disorders, depending on the cutoff strategy employed.
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Fig. 3 The diagnsotic accuracy of plasma NfL in neurodegenerative disorders. Heatmaps to demonstrate the accuracy (AUC) of plasma NfL
to distinguish CU and neurodegenerative disorders in the KCL (A) and Lund (B) cohorts. Heatmaps tables that demonstrate sensitivity, speciﬁcity, and
95% CI of AUC displayed in the Supplementary Tables 4–5 and Supplementary Fig. 4. AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, CU
Aβ− cognitively unimpaired without Aβ pathology, CU Aβ+ cognitively unimpaired with Aβ pathology, CBS/PSP corticobasal syndrome and progressive
supranuclear palsy, DS Down syndrome, DSAD Down syndrome Alzheimer’s disease, EOAD early-onset Alzheimer’s disease, FTD frontotemporal
dementia, MCI Aβ− mild cognitive impairment without Aβ pathology, MCI Aβ+ mild cognitive impairment with Aβ pathology, MSA multiple system
atrophy, PD Parkinson’s disease, PDD/DLB Parkinson’s disease dementia and dementia with Lewy bodies, SCD Aβ− subjective cognitive decline without
Aβ pathology, SCD Aβ+ subjective cognitive decline with Aβ pathology, VaD vascular dementia.

Fig. 4 The diagnsotic accuracy of plasma NfL in identifying neurodegenerative disorders from controls (young/old) and depression. The performance
of plasma neuroﬁlament light (NfL) to identify neurodegenerative disorders from controls (CU and SCD) > 65 years of age (A), controls (CU and SCD) < 65
years of age (B), and depression (C).

The importance of age-related cutoffs was clearly demonstrated
in disorders with a younger age of onset (e.g., EOAD, ALS,
and FTD).
A recent meta-analysis on more than 10,000 individuals
demonstrated that individuals with human immunodeﬁciency
virus (HIV), FTD, ALS, and Huntington’s disease (HD) presented
with CSF NfL concentrations averaging 21-fold, 11-fold, eightfold, and sixfold higher than CU controls, respectively31. In
comparison, in the same study, CSF NfL was 1.9-fold higher in
AD dementia patients. In the present plasma study, we also
demonstrate that individuals with ALS and FTD presented with
the highest concentrations of plasma NfL and among the largest
effect sizes against CU individuals, albeit less dramatic than what
has been reported for CSF. Although HIV and HD groups were
not examined in this study, we were able to determine that DSAD
and atypical parkinsonian disorders have the largest increases and
effect sizes of plasma NfL as compared to individuals without
cognitive impairment. The AD dementia population in this study
6

was on average 1.8-fold higher than CU, mirroring the mild
observations reported in CSF studies.
We tested the accuracy, sensitivity, and speciﬁcity of plasma
NfL in differentiating neurodegenerative disorders. Although the
majority of comparisons would not be a realistic diagnostic
challenge in a clinical setting, high performance of plasma NfL
was seen in predicting atypical parkinsonian disorders from PD.
While plasma NfL data from atypical parkinsonian patients in the
Lund cohort have been previously reported26, it is congruent with
novel data included from the KCL cohort. In both cohorts, atypical parkinsonian disorders (e.g., CBS, PSP, MSA) had substantial increases in plasma NfL as compared to PD with very
high diagnostic accuracies (KCL, AUC > 86%; Lund, AUC > 95%)
and large effect sizes. Therefore, a presentation of parkinsonism
with high levels of plasma NfL is highly suggestive of an atypical
parkinsonian disorder and this ﬁnding is likely due to the degree
of axonal damage being more severe in atypical parkinsonian
disorders than in PD. Although not typically a diagnostic
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Fig. 5 The performance of plasma NfL concentration cutoffs to identify neurodegenerative disorders of all ages. The performance of plasma
neuroﬁlament light (NfL) concentration cutoffs to identify neurodegenerative disorders in KCL (A) and Lund (B). AD Alzheimer’s disease, ALS
amyotrophic lateral sclerosis, CBS corticobasal syndrome, DLB dementia with Lewy bodies, DS Down syndrome, DSAD Down syndrome Alzheimer’s
disease, EOAD early-onset Alzheimer’s disease, FTD frontotemporal dementia. MCI mild cognitive impairment, MSA multiple system atrophy, PD
Parkinson’s disease, PDD Parkinson’s disease dementia, PSP progressive supranuclear palsy, SCD subjective cognitive decline, VaD vascular dementia.

Fig. 6 The performance of plasma NfL concentration cutoffs to identify neurodegenerative disorders in >65 and <65 years. The performance of plasma
neuroﬁlament light (NfL) concentration cutoffs to identify neurodegenerative disorders in >65 (A) and <65 (B). The KCL and Lund cohorts are combined
for this analysis. AD Alzheimer’s disease, ALS amyotrophic lateral sclerosis, CBS corticobasal syndrome, DLB dementia with Lewy bodies, DS Down
syndrome, DSAD Down syndrome Alzheimer’s disease, EOAD early-onset Alzheimer’s disease, FTD frontotemporal dementia. MCI mild cognitive
impairment, MSA multiple system atrophy, PD Parkinson’s disease, PDD Parkinson’s disease dementia, PSP progressive supranuclear palsy, SCD
subjective cognitive decline, VaD vascular dementia.

challenge, plasma NfL levels were able to distinguish ALS from
controls in >90% of cases. In this study, we show the highest NfL
levels of the thirteen neurodegenerative diseases that have been
compared were observed in ALS and FTD. This may be indicative
of the intensity of neurodegeneration or level of axonal damage

and/or the extent of the degenerated axons. Substantial evidence
supports that neuronal and axon damage in ALS and FTD results
in the release of neuroﬁlament proteins into the CSF and
plasma32,33. Separately high levels of plasma NfL in ALS and FTD
have also been linked to disease severity, as shown by NfL levels
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correlating with survival and disease progression in ALS and
FTD32,34,35. Interestingly, ALS and FTD might be phenotypic
extremes on a spectrum disorder, which is called motor neuron
disease–FTD continuum, and up to 15% of all incidents in ALS
cases are associated with FTD36. Yet, the diagnosis of FTD and
especially the behavioral variant (bvFTD) subtype is often challenging, as the heterogeneous clinical manifestation may overlap
not only with other neurodegenerative diseases but also with
psychiatric disorders. A further novel contribution of this study is
we demonstrate the normal plasma NfL concentrations of individuals with moderate and severe depression, and that high AUC
(85%) existed when comparing depressed patients with those with
an FTD diagnosis. In fact, plasma NfL had high accuracies in
distinguishing moderate and severe depression from all neurodegenerative disorders (AUC = 0.95), and even when neurodegenerative disorders with typically lower concentrations were
included (e.g., PD) (AUC = 0.89). Therefore, this study shows
promise in plasma NfL discriminating between FTD (and other
neurodegenerative disorders) and psychiatric disorders when the
signiﬁcant clinical overlap does exist28. Our data is also consistent
with previous studies on plasma NfL in DS37–39 where an
increase of plasma NfL levels was substantially higher in those
with individuals with dementia. Using our deﬁned concentration
cutoffs, we were able to differentiate DSAD from DS in the KCL
cohort (AUC = 0.91) and demonstrate that all DSAD patients
exhibited abnormal plasma NfL when applying cutoffs.
In a novel approach, we derived and tested concentration
cutoffs to identify neurodegeneration ranging from high speciﬁcity (99% CI) to a cutoff favoring greater sensitivity (90% CI)—
this could be employed as a guide in primary care or memory
clinic assessment. A plasma NfL cutoff using the 99% CI
demonstrated the ability to give reliable low false positives in
cognitively normal groups (e.g., CU, SCD) but also depression
and PD groups were absent axonal damage is expected. We
conﬁrmed that NfL is abnormally elevated in multiple disorders
but overlapping concentrations among disorders limit plasma
NfL as a disease-speciﬁc marker. When a more sensitive cutoff
was applied, abnormal NfL levels were consistently observed in
the majority of neurodegenerative disorders. This also included
AD dementia where plasma NfL is seen to be only mildly elevated
as compared to other neurodegenerative disorders. These concentration cutoffs were independently tested in the ADNI cohort,
in relation to the AD continuum, and produced similar results.
However, recent data has clearly shown that plasma P-tau (either
P-tau18110,11,13, P-tau21718,40, or P-tau23119) is better placed for
AD diagnostics. Plasma P-tau can identify AD from non-AD
dementias with high accuracy10,18,19,35,41 and correlates with the
underlying pathogenesis11,42. Therefore, a positive plasma P-tau
test would indicate AD. However, a negative P-tau test in combination with a positive NfL test would be highly supportive of
non-AD dementia—ruling out AD, PD, and based on our data,
primary psychiatric disorders as a diagnosis.
In addition to the diagnostic capabilities of plasma NfL, this
study highlights other key factors which should be detailed. Multiple lines of evidence have reported age and CSF NfL as having
strong relationships with plasma NfL. While these statements are
without-a-doubt true, based on the ﬁndings presented herein one
cannot simply apply this generalized rule to all age groups and
conditions. First, plasma NfL is unequivocally inﬂuenced by age but
this association is stronger in younger individuals (e.g., <65 years)
and, to some degree, the relationship is diminished in older individuals (e.g., >65 years, Supplementary Table 2). This is due to older
individuals being more likely to have developed a neurodegenerative condition and these disorders have a different relationship with
age; that is, neurodegenerative disorders that typically exhibit higher
concentrations of plasma NfL have weaker correlations with age
8

(e.g., FTD). Furthermore, plasma NfL is likely to increase in
response to pathologies that manifest in later life (e.g., limbicpredominant age-related TDP-43 encephalopathy, LATE). In our
study, the inﬂuence of age on NfL is shown in multiple aspects, but
most prominently by EOAD patients seemingly being no different
from CU adults if no age adjustment is taken into consideration.
Our <65-year plasma NfL cutoffs (19.4, 21.5, 30.0 pg/mL) were
substantially lower as to compared older cutoffs (38.0, 46.0, 79.20
pg/mL) and when this was applied, EOAD patients had the
equivalent rate of abnormal plasma NfL as typical late-onset AD
dementia (Fig. 6)—consistent with the reported literature on
familial AD43,44. Neurodegenerative disorders with a typically
younger age of onset also demonstrated higher rates of abnormal
NfL if a < 65-year cutoff was applied (e.g., FTD, MSA) and plasma
NfL was shown to be better at identifying neurodegenerative disorders in younger individuals (<65 years) in comparisons to older
individuals (Fig. 4). We also observed that age-related cutoffs may
be more sensitive to neurodegeneration related to Aβ deposition,
although it is clear that recent developments in plasma p-tau181,
p-tau217 and p-tau231 would be a superior measures of Aβ and tau
pathologies10,11,13,14,19,35,41, as previously mentioned. In individuals
<65 years, rates of abnormal plasma NfL were threefold higher in
Aβ+ controls as compared to Aβ- controls and also higher in MCI
Aβ+ than MCI Aβ−. The inﬂuence of Aβ positivity on plasma NfL
has been previously described22,45–47 however, in our study, this
was far more apparent in the younger age groups. It is not guaranteed that Aβ deposition leads to cognitive decline nor is there a
linear relationship between Aβ burden and the extent of cognitive
impairment; however, when coupled to age-dependent abnormal
levels of NfL (a proxy for on-going axonal damage), this may
indicate those at a far greater risk. This is further supported by the
very low rate of false positives of plasma NfL in Aβ− controls but
also in patients with depression and PD which are likely to be Aβ−.
We have also demonstrated that the plasma-to-CSF relationship of
NfL is dependent on the condition. While the majority of cognitive
impairment disorders and parkinsonian disorders display a strong
relationship between plasma and CSF NfL, VaD, and CBS/PSP have
a nonsigniﬁcant and weak relationship (Supplementary Results 3).
This is an important consideration when using plasma NfL to infer
CSF NfL levels.
Our study has limitations. Although this study was performed
in 2269 individuals, in certain diagnostic categories and comparisons, it was underpowered. Several neurodegenerative diseases included in this study, such as DS and atypical parkinsonian
disorders have a relatively small number of participants. However, although our sample size was small in these groups, we were
able to show with excellent accuracy and effect sizes the differentiation between CU and disorders but also within neurodegenerative disorders which may be clinically challenging. In this
study, no neuropathological conﬁrmation of any individual was
available and only Aβ burden was indexed in CU, SCD, MCI, and
AD. Therefore, despite being very well clinically characterized,
there may be some diagnostic uncertainty attributed the non-AD
dementias. Furthermore, we do acknowledge that a number of
some of the disorders included in this study are likely to be at an
advanced disease stage given that a clinical diagnosis had been
assigned—therefore, we cannot determine how well NfL identiﬁes
these disorders in the earlier stages of the disease. Unlike many
putative plasma biomarkers that have preceded it measurements
of plasma NfL are robust. In this study, we have technically
demonstrated a very high correlation in the measurements of
plasma NfL using two different assays on the Simoa platform,
which were performed in independent laboratories. However, it
must be noted that absolute concentrations of plasma NfL differed between assays and therefore platform dependent cutoffs
would need to be calculated in the likelihood of multiple
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methodologies to measure NfL in blood in the future. Despite
being a multicenter study, this has not inﬂuenced our results. This
has been shown by (i) the very high level of replication between
the two cohorts, even when applying a concentration derived in
KCL and tested in Lund and (ii) CU participants provided by
multiple centers having similar concentrations of plasma NfL
despite varying preanalytical procedures.
In conclusion, in two large independent datasets, we have
detailed the meaningful strengths and weaknesses of utilizing
plasma NfL as a biomarker for neurodegeneration that could be
useful in a primary care setting. Plasma NfL concentrations are
increased across multiple neurodegenerative disorders but are
highest in samples from individuals with ALS, FTD, and DSAD.
Though plasma NfL cannot differentiate between different cognitive impairment disorders, in patients with parkinsonism, high
plasma NfL values indicate atypical parkinsonian disorders and in
patients with DS, high plasma NfL differentiates between those
with and without dementia, suggesting it may be useful in both
clinical and research settings in these patients. Furthermore,
plasma NfL can differentiate between moderate/severe depression
from neurogenerative disorders, which has direct implications for
many disorders e.g., FTD. Data-driven age-related concentration
cutoffs suggested in this work demonstrated that plasma NfL is
suitable to identify neurodegeneration in many neurodegenerative disorders, though false positives rates were low when using an
age-appropriate cutoff set using the 99% CI of Aβ− CU.
Methods
Study participants. In this study, 2269 individuals from two multicentre cohorts
were included. The KCL cohort represents a multicenter collection of participants
(n = 805) collated at the Maurice Wohl Clinical Neuroscience Institute, King’s
College London5,48–60. This consisted of CU individuals (n = 158), mild cognitive
impairment (MCI, n = 86), early-onset Alzheimer’s disease (EOAD < 65 years, n =
59), AD dementia (n = 102), FTD (n = 54), PD (n = 140), Parkinson’s disease
dementia and dementia with Lewy bodies (PDD/DLB, n = 59), corticobasal syndrome and progressive supranuclear palsy (CBS/PSP, n = 19), Down Syndrome
(DS, n = 41; 12 with dementia), amyotrophic lateral sclerosis (ALS, n = 50), and
depression (HAM-D > 13, n = 37).
The Lund cohort consisted of 1464 participants enrolled as part of the
prospective and longitudinal Swedish BioFINDER study (clinical trial no.
NCT01208675) which recruited at the Neurology and Memory Clinics, Skåne
University Hospital, Lund, Sweden, between 2008 and 201461,62. In addition, FTD
cases were obtained from the Erasmus Medical Centre, Rotterdam, The
Netherlands63 and Lund Prospective Frontotemporal Dementia Study
(LUPROFS)64. The Lund cohort included CU (n = 376), subjective cognitive
decline (SCD, n = 209), and seven diagnostic groups in common with the KCL
cohort (MCI, n = 280; EOAD < 65 years, n = 23; AD dementia, n = 134; FTD, n =
150; PD, n = 171; PDD/DLB, n = 46; CBS/PSP, n = 24). In addition, the Lund
cohort included patients with multiple system atrophy (MSA, n = 29) and vascular
dementia (VaD, n = 22). The inclusion criteria for CU individuals in the Lund
cohort have been previously detailed11. In brief, CU individuals must fulﬁll these
criteria: (1) absence of cognitive symptoms as assessed by a physician with a special
interest in cognitive disorders; (2) Mini-Mental State Examination (MMSE) 28–30
at screening visit; (3) did not fulﬁll the criteria for MCI or any dementia disorder.
The exclusion criteria included (1) signiﬁcant unstable systemic illness that made it
difﬁcult to participate in the study; (2) current signiﬁcant alcohol or substance
misuse; and (3) signiﬁcant neurological or psychiatric illness. The inclusion criteria
for patients with SCD or MCI (deﬁned using criteria by Petersen65) were (1)
referred to a participating memory clinic because of cognitive complaints; (2) did
not fulﬁll the criteria for any dementia disorder. The exclusion criteria were the
same as the for the CU participants with the addition of (1) cognitive impairment
that, without doubt, could be explained by other speciﬁc non-neurodegenerative
disorders, such as brain tumor or subdural hematoma. The KCL cohort, where
possible, followed the same inclusion and exclusion criteria for CU and MCI
participants49,52,53,58,60,66,67 and is further detailed in Supplementary Table 1. No
SCD participants were included in the KCL cohort.
The Lund (BioFINDER study) cohort was approved by the Regional Ethics
Committee in Lund, Sweden (case number 2014/223) and all participants gave
written informed consent to participate in the study. The KCL cohort was
approved by the appropriate Regional Ethics Committees (Supplementary Table 1)
and all participant gave their informed consent.
To conﬁrm ﬁndings related to the AD continuum, this study also obtained data
from the Alzheimer’s disease Neuroimaging Initiative (ADNI) database (clinical
trial no. NCT00106899; adni.loni.usc.edu) for 870 individuals (CU, n = 290; MCI,
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n = 442; AD dementia, n = 138). AD dementia participants had a Mini-Mental
State Examination (MMSE) ranging between 20 and 26; Clinical Dementia Rating
(CDR) 1 or above and met criteria for probable AD according to the National
Institute of Neurological and Communicative Disorders and Stroke–Alzheimer’s
Disease and Related Disorders Association (NINCDS-ADRDA). Participants were
classiﬁed as MCI if MMSE ranged between 24 and 30, CDR 0.5 (with the memory
box score being 0.5 or greater), and did not meet the criteria for dementia
according to the NINCDS-ADRDA.
Determination of amyloid-β status. Individuals clinically classiﬁed as CU, SCD
(Lund cohort only), and MCI were further categorized into Aβ-negative (Aβ−) or Aβpositive (Aβ+ ). In the KCL cohort, Aβ cutoff values for assigning positivity were
determined by CSF Aβ42, [11C]PiB‐PET, or [18F]AZD4694 as outlined in Supplementary Table 1. It was determined that 28/158 and 31/86 of CU and MCI were Aβ+ ,
respectively. In the Lund cohort, Aβ-positivity was classiﬁed by CSF with Aβ42/Aβ40 <
0.091 by EUROIMMUN immunoassays (EUROIMMUN AG, Lübeck, Germany)68.
This determined that 103/376, 75/209, and 165/280 of CU, SCD, and MCI individuals
were Aβ + , respectively. For ADNI, brain Aβ load—at the last available visit of each
subject—was estimated using [18F]ﬂorbetapir PET. The cutoff to determine Aβpositivity was 1.11 SUVR, as suggested in the ADNI protocol. According to this criterion, 100/290 and 247/442 CU and MCI were Aβ-positive, respectively.
Biochemical analysis. Blood sampling procedures for cohorts included in the KCL
and Lund cohorts are summarized in Supplementary Table 1. Blood collection and
processing procedures for ADNI have been detailed elsewhere22. Plasma NfL
concentration was measured using two highly correlated versions of a singlemolecule array (Simoa; Quanterix; Billerica, MA) method. For the KCL cohort, the
commercially available NF-light assay was utilized (NF-light™ # 103186) and all
samples were analyzed at the Maurice Wohl Clinical Neuroscience Institute, King’s
College London, UK. Data acquisition spanned seventeen analytical runs and all
the samples were above the lower limit of quantiﬁcation reported for this assay
(LLOQ, 0.174 pg/mL). For the low-concentration control sample (8.5 pg/mL), the
intra-assay coefﬁcient of variation was 7.5% and the inter-assay coefﬁcient of
variation was 12.8%, while for the high-concentration quality control sample (112
pg/mL), the corresponding coefﬁcients of variation were 9.5% and 13.8%, respectively. For the Lund and ADNI cohorts, an in-house Simoa assay, utilizing the same
antibodies and calibrator as the commercial kit20, and was performed at the
Clinical Neurochemistry Laboratory, University of Gothenburg, Sweden. For the
Lund cohort, data acquisition spanned twenty-three analytical runs and all the
samples were above the lower limit of quantiﬁcation (6.7 pg/mL). For the lowconcentration control sample (12.2 pg/mL), the intra-assay coefﬁcient of variation
was 5.5% and the inter-assay coefﬁcient of variation was 8.2%, whilee for the highconcentration quality control sample (107.3 pg/mL), the corresponding coefﬁcients
of variation were 9.3% and 9.4%, respectively. Data acquisition methods for NfL
measurements in ADNI have been previously described21,22.
Harmonization of KCL and Lund cohorts. Quality control (QC) samples provided
by the Lund cohort (n = 30) were quantiﬁed at random in the KCL analysis. High
concordance (r = 0.925, P < 0.0001, Supplementary Fig. 1A) was achieved between
the QC samples despite the absolute values in the KCL cohort being signiﬁcantly
higher (P = 0.025, Supplementary Fig. 1B). Based on this QC data, a correction
factor of 1.18 was applied to all Lund and ADNI samples to adjust the data to the
KCL cohort for all subsequent analyses.
Statistical analysis. Associations between continuous variables were tested with
Spearman’s rank-order correlation with a partial correlation adjusting for age.
Group differences were assessed by Mann–Whitney test or one-way
Kruskal–Wallis test by ranks, with post hoc Dunn’s test where appropriate. To
measure the speciﬁcity and sensitivity of plasma NfL, we calculated the AUC of the
receiver operating characteristics (ROC) using the “AUC” and “pROC” packages
for R. Cutoff concentrations for plasma NfL were deﬁned in the KCL cohort and
three variations were investigated a) 90%, 95% and 99% conﬁdence interval of CU
Aβ−, b) mean plus 2 standard deviations of the CU Aβ− and c) Gaussian mixture
modeling (GMM). Hedges’ g statistical unit was used to report the effect size. SPSS
(IBM, Armonk, NY) and the R programming language (version 3.4.3) were used
for statistical analysis and Graph Pad PRISM for data visualization.
Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The Source ﬁle gives raw plasma NfL values for the KCL, Lund, and ADNI cohorts.
Anonymized data will be shared by request from a qualiﬁed academic investigator for the
sole purpose of replicating procedures and results presented in the article and as long as
data transfer agrees with EU legislation on the general data protection regulation and
decisions by the Ethical Review Board of the appropriate cohorts, which should be
regulated in a material transfer agreement. The ADNI data was accessed and is available
via adni.loni.usc.edu. Source data are provided with this paper.
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ABSTRACT

Objective: To investigate serum neurofilament light chain (NfL) concentrations in frontotemporal
dementia (FTD) and to see whether they are associated with the severity of disease.

Methods: Serum samples were collected from 74 participants (34 with behavioral variant FTD [bvFTD],
3 with FTD and motor neuron disease and 37 with primary progressive aphasia [PPA]) and 28 healthy
controls. Twenty-four of the FTD participants carried a pathogenic mutation in C9orf72 (9),
microtubule-associated protein tau (MAPT; 11), or progranulin (GRN; 4). Serum NfL concentrations
were determined with the NF-Light kit transferred onto the single-molecule array platform and compared between FTD and healthy controls and between the FTD clinical and genetic subtypes. We also
assessed the relationship between NfL concentrations and measures of cognition and brain volume.
Results: Serum NfL concentrations were higher in patients with FTD overall (mean 77.9 pg/mL [SD
51.3 pg/mL]) than controls (19.6 pg/mL [SD 8.2 pg/mL]; p , 0.001). Concentrations were also
significantly higher in bvFTD (57.8 pg/mL [SD 33.1 pg/mL]) and both the semantic and nonfluent
variants of PPA (95.9 and 82.5 pg/mL [SD 33.0 and 33.8 pg/mL], respectively) compared with
controls and in semantic variant PPA compared with logopenic variant PPA. Concentrations were
significantly higher than controls in both the C9orf72 and MAPT subgroups (79.2 and 40.5 pg/mL
[SD 48.2 and 20.9 pg/mL], respectively) with a trend to a higher level in the GRN subgroup
(138.5 pg/mL [SD 103.3 pg/mL). However, there was variability within all groups. Serum concentrations correlated particularly with frontal lobe atrophy rate (r 5 0.53, p 5 0.003).

Conclusions: Increased serum NfL concentrations are seen in FTD but show wide variability within
each clinical and genetic group. Higher concentrations may reflect the intensity of the disease in FTD
and are associated with more rapid atrophy of the frontal lobes. Neurology® 2016;87:1329–1336
GLOSSARY
bvFTD 5 behavioral variant frontotemporal dementia; FTD 5 frontotemporal dementia; GENFI 5 Genetic Frontotemporal
Dementia Initiative; lvPPA 5 logopenic variant of primary progressive aphasia; MND 5 motor neuron disease; NfL 5 neurofilament
light chain; nfvPPA 5 nonfluent variant of primary progressive aphasia; PPA 5 primary progressive aphasia; PPA-NOS 5 primary
progressive aphasia not otherwise specified; Simoa 5 single-molecule array; svPPA 5 semantic variant of primary progressive
aphasia.

Frontotemporal dementia (FTD) is a common cause of early-onset dementia.1 Clinically, patients
present with either changes in personality (behavioral variant FTD [bvFTD]) or impaired language
(primary progressive aphasia [PPA]), although overlap with motor neuron disease (FTD-MND) is
not uncommon.1 FTD has an autosomal dominant genetic cause in around a quarter of people,
with mutations in the progranulin (GRN), chromosome 9 open reading frame 72 (C9orf72), and
microtubule-associated protein tau (MAPT) genes being commonest.2
Few fluid biomarkers have been investigated in FTD, although there have now been a number
of studies of neurofilament concentration in the CSF.3–11 Higher neurofilament light chain
From the Dementia Research Centre (J.D.R., I.O.C.W., K.M.D., E.B., E.G., A.F., M.J.C., S.O., J.M.N., J.M.S., N.C.F., J.D.W.), MRC Prion Unit
(S.M., R.D.), Department of Neurodegenerative Disease, and Department of Molecular Neuroscience (J.T., H.Z.), UCL Institute of Neurology, Queen
Square; Centre for Medical Image Computing (J.M.C., S.O.), University College London; Department of Medical Statistics (J.M.N.), London School of
Hygiene and Tropical Medicine, UK; UmanDiagnostics (N.N.), Umeå; and Clinical Neurochemistry Laboratory (U.A., K.B., H.Z.), Department of
Psychiatry and Neurochemistry, Institute of Neuroscience and Physiology, Sahlgrenska Academy at the University of Gothenburg, Mölndal, Sweden.
Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.
The Article Processing Charge was paid by Medical Research Council.
This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0 (CC BY), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
© 2016 American Academy of Neurology
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(NfL) levels are believed to represent axonal
degeneration,12,13 and while early studies
showed variability in CSF concentrations in
FTD,4–10 a more recent study has suggested
that CSF NfL levels correlate with disease
severity.11
There is considerable interest in developing
blood-based biomarkers because of their convenience and higher acceptability relative to
CSF. NfL can be measured in serum with standard immunoassay formats,14 but those based on
ELISA or electrochemiluminescence methods
lack the analytical sensitivity to measure low levels. For this reason, we developed an immunoassay based on the single-molecule array (Simoa)
technique15 that allows quantification down to
subfemtomolar concentrations (,1 pg/mL) of
the analyte and is 25-fold more sensitive than
the previous electrochemiluminescence-based
method.16 Using this assay, we aimed to investigate serum NfL concentrations in FTD. Our
hypotheses were that serum NfL concentration
would be elevated in patients with FTD compared with healthy controls, that concentrations
would vary between FTD subgroups, and that
increased serum NfL levels would reflect the disease intensity or rate of progression.
METHODS Seventy-four participants were consecutively recruited from the University College London FTD study: 34 participants with bvFTD according to Rascovsky criteria,17 3 participants
with FTD-MND,18 and 37 participants with PPA according to the
Gorno-Tempini criteria.19 Of the 37 PPA participants, 13 had the
nonfluent variant (nfvPPA), 10 had the semantic variant (svPPA), 7
had the logopenic variant (lvPPA), and 7 did not fit criteria for any of
the 3 variants (PPA-NOS, not otherwise specified). We did not
include patients fulfilling criteria for lvPPA in the overall FTD
analysis because they are likely to have underlying Alzheimer disease
pathologically.1,2 Data were compared with data from 28 healthy
control participants matched for age and sex who had been collected
as part of a study of neurodegenerative disease (table 1). Twenty-four of

Table 1

the FTD participants carried a pathogenic mutation: 9 with an
expansion in C9orf72 (8 with bvFTD, 1 with nfvPPA), 11 with an
MAPT mutation (all with bvFTD), and 4 with a GRN mutation
(1 with bvFTD, 1 with nfvPPA, and 2 with PPA-NOS). No
mutations were found in the other participants. No significant
differences were noted in age or sex between any of the groups, and
no significant difference in disease duration was seen between the
clinical or genetic FTD subgroups.

Standard protocol approvals, registrations, and patient
consents. Approval for the study was obtained from the local
ethics committee, and all participants provided written consent
to take part.

Measurement of NfL concentrations. Serum samples were
collected from each of the participants and then processed,
divided into aliquots, and frozen at 2808 C according to standardized procedures. Serum NfL concentrations were measured with
the NF-Light assay from UmanDiagnostics (Umeå, Sweden) and
transferred onto the Simoa platform with a home-brew kit
(Quanterix Corp, Boston, MA). Detailed instructions can be
found in the Simoa Homebrew Assay Development Guide
(Quanterix). In short, paramagnetic carboxylated beads (catalog
no. 100451, Quanterix) were activated by adding 5% (vol/vol)
10 mg/mL 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(catalog no. 100022, Quanterix) to a magnetic beads solution
with 1.43106 beads/mL. After a 30-minute incubation at room
temperature, the beads were washed with a magnetic separator,
and an initial volume, i.e., 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide 1 bead solution volume in the previous step, of
0.3 mg/mL ice cold solution of the capture antibody (UD1,
UmanDiagnostics) was added. After a 2-hour incubation on
a mixer (2,000 rpm, Multi-Tube Vortexer, Allsheng, China) at
room temperature, the beads were washed, and an initial reaction
volume of blocking solution was added. After 3 washes, the
conjugated beads were suspended and stored at 48 C pending
analysis. Before analysis, the beads were diluted to 2,500
beads/mL in bead diluent. The detection antibody (1 mg/mL,
UD2, UmanDiagnostics) was biotinylated by adding 3%
(vol/vol) 3.4 mmol/L EZ‐Link NHS‐PEG4‐Biotin (Quanterix),
followed by a 30-minute incubation at room temperature. Free
biotin was removed with spin filtration (Amicon Ultra-2, 50
kDa, Sigma, St. Louis, MO), and the biotinylated antibody was
stored at 48 C pending analysis. The serum samples were assayed in
duplicate on a Simoa HD-1 instrument (Quanterix) using a 2-step
assay dilution protocol that starts with an aspiration of the bead
diluent from 100 mL conjugated beads (2,500 beads/mL), followed
by the addition of 20 mL biotinylated antibody (0.1 mg/mL) and
100 mL of 4-fold diluted sample (or undiluted calibrator) to the

Demographic characteristics of the study participants

Disease group

Controls

Total FTD

bvFTD

FTD-MND

nfvPPA

svPPA

lvPPA

PPA-NOS

No.

28

67

34

3

13

10

7

7

Age, mean (SD), y

63.9 (7.2)

64.5 (7.9)

63.0 (8.3)

65.0 (0.3)

67.5 (9.7)

65.2 (6.4)

65.6 (5.9)

63.9 (5.2)

Male sex, %

46.4

61.2

73.5

66.7

23.1

60.0

71.4

71.4

Disease duration, mean (SD), y

NA

5.5 (3.7)

6.2 (4.6)

6.0 (4.6)

3.8 (1.5)

6.0 (2.1)

6.4 (2.9)

4.5 (2.5)

Serum NfL, mean (SD), pg/mL

19.6 (8.2)

77.9 (51.3)

57.8 (33.1)

195.0 (69.9)

82.5 (33.8)

95.9 (33.0)

49.5 (19.4)

91.2 (86.6)

Abbreviations: bvFTD 5 behavioral variant of frontotemporal dementia; FTD 5 frontotemporal dementia; FTD-MND 5 frontotemporal dementia with motor
neuron disease; lvPPA 5 logopenic variant of primary progressive aphasia; NA 5 not applicable; NfL 5 neurofilament light chain; nfvPPA 5 nonfluent variant of
primary progressive aphasia; PPA-NOS 5 primary progressive aphasia not otherwise specified; svPPA 5 semantic variant of primary progressive aphasia.
Total FTD does not include lvPPA.
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Figure 1

Serum neurofilament light chain concentrations in participants by (A)
clinical diagnosis and (B) genetic status

diluent) 1 3 and 10 SD, were 0.97 and 2.93 pg/mL, respectively.
To evaluate the linearity of the assay, 6 different samples were analyzed
at 4- (default), 8-, and 16-fold dilution, and the average coefficient of
variation for the concentration measured at the different dilutions
was 11.5%. All samples were measured as duplicates. The mean
coefficient of variation of duplicate concentrations was 4.3%. In
addition, a quality control sample was measured in duplicate on each
of the 7 runs used to complete the study. The intra-assay coefficient
of variation for this sample was ,10%. All measurements were
performed by board-certified laboratory technicians in one round
of experiments using one batch of reagents.

Psychometric assessment. Forty-seven participants had psychometric testing at baseline, usually on the same day as serum
sampling but at a maximum of 6 months from the time of sample
collection (mean interval 0.0 years [SD 0.2 years]): 22 with
bvFTD, 2 with FTD-MND, and 23 with PPA (9 with
nfvPPA, 9 with svPPA, and 5 with PPA-NOS). Twenty-nine
participants had follow-up psychometric testing at an interval
of 1.1 years (SD 0.2 years): 11 with bvFTD, 2 with FTDMND, and 16 with PPA (5 with nfvPPA, 7 with svPPA, and 4
with PPA-NOS). Testing included the Wechsler Abbreviated
Scale of Intelligence Vocabulary, Block Design, Similarities,
and Matrices subtests20; the Recognition Memory Tests for
Faces and Words21; the Graded Naming Test22; the Graded
Difficulty Calculation Test23; and the Delis-Kaplan Executive
Function System Color-Word Interference Test,24 as well as the
Mini-Mental State Examination.25

All genetic FTD patients have behavioral variant of frontotemporal dementia (bvFTD) except
for those *with nonfluent variant of primary progressive aphasia (nfvPPA) and **with primary
progressive aphasia not otherwise specified (PPA-NOS). FTD-MND 5 frontotemporal
dementia– motor neuron disease; lvPPA 5 logopenic variant of primary progressive aphasia;
svPPA 5 semantic variant of primary progressive aphasia.

bead pellet. For both samples and calibrator, the same diluent was
used (phosphate-buffered saline; 0.1% Tween-20; 2% bovine
serum albumin; 10 mg/mL TRU Block [Meridian Life Science,
Inc, Memphis, TN]). After a 47-cadence incubation (1 cadence
5 45 seconds), the beads were washed, followed by the addition of
100 mL streptavidin-conjugated b-galactosidase (150 pmol/L,
catalog No. 100439, Quanterix). This was followed by a 7cadence incubation and a wash. Before reading, 25 mL resorufin
b2D-galactopyranoside (catalog No. 100017, Quanterix) was
added. The calibrator curve was constructed by use of the standard
from the NfL ELISA (NF-Light, UmanDiagnostics) in triplicate. The
lower limits of detection and quantification, as defined by the
concentration derived from the signal of blank samples (sample

Neuroimaging analysis. Forty-six of the participants with
FTD had volumetric T1 brain MRI on a 3T Siemens Trio scanner performed usually on the same day as serum sampling but at
a maximum of 6 months from the time of sample collection (mean
interval 0.0 years [SD 0.2 years]): 24 with bvFTD, 2 with FTDMND, and 20 with PPA (8 with nfvPPA, 8 with svPPA, 4 with
PPA-NOS). Twenty-nine participants had a follow-up scan at 1.1
years (SD 0.4 years) after the baseline scan: 13 with bvFTD, 2
with FTD-MND, and 14 with PPA (5 with nfvPPA, 6 with
svPPA, and 3 with PPA-NOS). Whole-brain volumes were
measured with a semiautomated segmentation method26 with
annualized whole-brain atrophy rates calculated with the
boundary shift integral.27 Individual lobar cortical volumes were
measured with a multiatlas segmentation propagation approach
following the brainCOLOR protocol (www.braincolor.org),
combining regions of interest to calculate gray matter volumes for
each lobe.28,29 Annualized lobar atrophy rates were calculated using
the differences in volumes between the baseline and follow-up scans
and dividing by the interval between scans.
Statistical analysis. Serum NfL concentrations were initially
compared between the control group and the total FTD group.
The Levene test for homogeneity demonstrated unequal variances
between these 2 groups (Levene statistic 5 22.8; p , 0.001);
therefore, the Welch t test (without assumptions for equal variance)
was used to compare the groups. Serum NfL data were normally
distributed (Kolmogorov-Smirnov test), so an analysis of variance
was used to compare mean serum NfL concentrations across each of
the clinical subgroups (bvFTD, FTD-MND, nfvPPA, svPPA,
lvPPA, and PPA-NOS) and across the genetic FTD subgroups
(MAPT, GRN, and C9orf72), and to compare each of these
subgroups with the control group. To allow for unequal variance,
the Games-Howell correction was used for post hoc pairwise
comparisons between groups. The same statistical methods were
also used to compare NfL levels between the genetic subgroups
and between each of these groups and the control group. The
Pearson correlation coefficient was used to examine the association
Neurology 87
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Table 2

Controls
p

Comparison of serum neurofilament light chain concentrations between the disease subgroups and control group
bvFTD

FTD-MND

nfvPPA

svPPA

lvPPA

PPA-NOS

238.2 (5.9)

2175.3 (40.4)

262.9 (9.5)

276.2 (10.5)

229.9 (7.5)

271.6 (32.8)

,0.001

bvFTD
p

0.185

,0.001

0.001

0.053

0.413

2137.2 (40.8)

224.7 (10.9)

238.1 (11.9)

8.3 (9.3)

271.6 (32.8)

0.276

0.308

0.070

0.968

0.413

112.4 (41.5)

99.1 (41.7)

145.4 (41.0)

103.8 (51.9)

FTD-MND

0.374

p
nfvPPA
p

0.451

0.248

0.509

213.3 (14.0)

33.0 (11.9)

28.7 (34.0)

0.959

0.136

1.000

svPPA
p

46.3 (12.7)

4.7 (34.4)

0.032

1.000

lvPPA

241.7 (33.5)
0.857

p

Abbreviations: bvFTD 5 behavioral variant of frontotemporal dementia; FTD-MND 5 frontotemporal dementia with motor neuron disease; lvPPA 5
logopenic variant of primary progressive aphasia; nfvPPA 5 nonfluent variant of primary progressive aphasia; PPA-NOS 5 primary progressive aphasia
not otherwise specified; svPPA 5 semantic variant of primary progressive aphasia.
Values are given as mean difference in serum neurofilament concentration between groups (SEM) and refer to comparison of rows vs columns.

between serum NfL concentrations and each of the cognitive and
imaging measures (with a Bonferroni correction for multiple
comparisons also assessed, i.e., p , 0.005 for the cognitive
measures and p , 0.007 for the imaging measures).

Serum NfL concentrations in the control
and total FTD groups and in each clinical subgroup
are shown in table 1. The lowest serum NfL concentration in the study (7.2 pg/mL) was well above the
lower limits of detection and quantification of the
assay. Serum NfL concentrations were significantly
higher in the total FTD group vs controls (mean
77.9 pg/mL [SD 51.3 pg/mL] and 19.6 pg/mL [SD
8.2 pg/mL] respectively; mean difference 5 58.3 pg/mL,
95% confidence interval 45.4–71.1; p , 0.001). In distinguishing FTD from controls, a cutoff of 33 pg/mL
gave a sensitivity of 84% and specificity of 96%. Serum
NfL concentrations were also significantly higher in the
majority of the clinical FTD subgroups compared with
the control group (Welch statistic 5 25.1, df 5, 13.2;
p , 0.001) (figure 1A, table 2). Compared with controls,
serum NfL concentrations were higher in patients
with bvFTD, nfvPPA, and svPPA. Although patients with FTD-MND had higher mean serum
NfL concentrations than controls (and all of the
other groups), this difference did not reach statistical
significance, likely because of the small sample size of
the FTD-MND group. Serum NfL concentrations did
not differ significantly between any of the clinical FTD
subgroups, although there was a (not significant) trend
toward a higher level in patients with svPPA compared
with patients with bvFTD (mean difference 5 38.1,
p 5 0.070). There was a significantly higher level in
patients with svPPA compared with lvPPA (mean
difference 5 46.3, p 5 0.032).

RESULTS
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Mean NfL concentrations were higher than controls in each of the genetic subgroups (figure 1B, table
3): 138.5 pg/mL (SD 103.3 pg/mL) in GRN, 79.2
pg/mL (SD 48.2 pg/mL) in C9orf72, and 40.5 pg/
mL (SD 20.9 pg/mL) in MAPT mutations. However,
only the MAPT subgroup (mean difference from controls 5 20.8, 95% confidence interval 5 1.4–40.3, p
5 0.035) and the C9orf72 subgroup (mean difference
from controls 5 59.5, 95% confidence interval 5
8.0–111.0, p 5 0.025) were significantly different,
with the lack of difference in the GRN subgroup
likely due to small sample size (table 3). Despite the
apparent larger mean NfL levels in GRN and C9orf72
compared with MAPT mutations, there was no significant difference in levels between the genetic subgroups (table 3).
Baseline and longitudinal cognitive and imaging
measures are shown in table 4. Serum NfL concentrations

Table 3

Control
p
MAPT
p
GRN
p

Comparison of serum neurofilament
light chain concentrations between the
genetic subgroups and control group
MAPT

GRN

C9orf72

220.8 (6.5)

2118.8 (51.7)

259.5 (16.2)

0.035

0.277

0.025

298.0 (52.0)

238.7 (17.3)

0.386

0.175
59.3 (54.1)
0.712

Values are given as mean difference in serum neurofilament concentration between groups (SEM) and refer to
comparison of rows vs columns.
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Table 4

Cognitive and imaging characteristics of the frontotemporal dementia
study participants
Baseline, mean (SD)

Longitudinal, mean (SD)

Participants, n

47

29

MMSE

23.8 (5.7)

21.7 (5.0)

WASI vocabulary

4.4 (4.4)

20.9 (2.9)

WASI block design

8.7 (4.3)

20.4 (2.6)

WASI similarities

5.9 (4.3)

21.5 (3.1)

WASI matrices

9.4 (4.3)

0.1 (2.6)

RMT faces

5.2 (4.1)

20.9 (3.7)

RMT words

6.1 (4.5)

21.5 (4.1)

Graded naming test

4.2 (4.4)

21.7 (3.0)

Graded difficulty calculation test

7.8 (5.0)

20.9 (2.4)

D-KEFS Color-Word Interference Test

6.1 (5.1)

21.7 (2.5)

Participants, n

46

29

Whole brain

72.6 (5.0)

1.9 (1.5)

Frontal

10.4 (1.0)

2.2 (2.7)

Temporal

7.0 (0.9)

2.7 (2.4)

Parietal

6.0 (0.5)

1.2 (2.9)

Occipital

4.9 (0.4)

0.7 (2.5)

Insula

0.8 (0.1)

2.6 (2.6)

Cingulate

1.6 (0.1)

1.2 (2.0)

Cognitive measures

Imaging measures

Abbreviations: D-KEFS 5 Delis-Kaplan Executive Function System; MMSE 5 Mini-Mental
State Examination; RMT 5 Recognition Memory Test; WASI 5 Wechsler Abbreviated Scale
of Intelligence.
Baseline cognitive measures are standard scores except for the MMSE (out of 30).
Longitudinal cognitive scores are annualized change in standard score (or change in MMSE
score); a negative score is a decrease in score. Baseline brain volumes are expressed as
a percentage of total intracranial volume (measured in Statistical Parameter Mapping
[SPM12]). Longitudinal imaging measures are annualized rates of atrophy (%).

correlated with baseline measures of executive dysfunction (Wechsler Abbreviated Scale of Intelligence similarities [r 5 20.32, p 5 0.03] and Delis-Kaplan Executive
Function System Color-Word Interference ink color
naming task [r 5 20.35, p 5 0.03]) but not with other
baseline psychometric tests or with longitudinal changes
in psychometric measures. However, no cognitive measures survived correction for multiple comparisons. There
were also no significant correlations with baseline brain
volumes. However, serum NfL levels were correlated with
rates of whole brain (r 5 0.46, p 5 0.01), frontal lobe
(r 5 0.53, p 5 0.003; figure 2), and parietal lobe (r 5
0.38, p 5 0.04) atrophy, although not with other lobar
atrophy rates. Only the correlation with frontal lobe atrophy rate survived correction for multiple comparisons.
DISCUSSION Using an ultrasensitive immunoassay,
we show that serum NfL concentrations are raised in
FTD and that higher concentrations are associated

with faster rates of brain atrophy. These findings suggest
that serum NfL concentrations reflect the intensity of
the disease in FTD and that higher concentrations are
associated with a more rapid disease progression. Within
the FTD subtypes, there was a tendency for groups with
probable TDP-43 pathology (svPPA and FTD-MND
clinically, GRN and C9orf72 mutations genetically) to
have raised levels compared with those associated with
tau pathology (MAPT mutations), although within all
groups there is substantial variability. With a lower limit
of quantification of 0.26 pg/mL, all samples, including
those from normal controls, could be reliably quantified,
which is an advantage over earlier studies on serum NfL
in other conditions.14,30–32
The results of this study are consistent with those
found in previous CSF studies of NfL concentrations
in FTD: levels are consistently higher in patients with
FTD4–11 and tend to be increased in those with probable
TDP-43 pathology.10,11 Certainly for genetic FTD, for
which GRN and C9orf72 mutations are associated with
TDP-43 pathology, this is consistent with the more rapid
progression (and shorter disease duration) seen in many
patients within these 2 mutation groups (independent of
clinical syndrome) compared with the relatively slower
progression of patients with MAPT mutations (which is
associated with tau pathology).33 One previous study also
suggested a correlation of CSF NfL with measures of
disease severity and, consistent with our study, showed
an association of levels with frontal lobe atrophy.11
We found that serum NfL levels were correlated
with the rate of subsequent brain atrophy but not
with the baseline brain volumes. Measures of brain
atrophy are likely to be better measures of the disease
intensity than just a single cross-sectional measure of
the whole-brain or lobar volumes, which reflect disease duration and normal variation as well as disease
activity. Serum NfL levels correlated with baseline
measures of executive function but not with longitudinal measures. A number of the patients had scored
at near the floor on executive tasks at baseline; therefore, there is less ability to measure progression with
such measures when assessed longitudinally.
It will be important to investigate patients at different stages of the disease because this may influence the
association between NfL and rates of atrophy. The
Genetic Frontotemporal Dementia Initiative (GENFI)
study (www.genfi.org.uk) has recently shown that pathologic rates of brain atrophy appear to start up to 10
years before symptom onset but are variable between
different genetic mutations.29 If serum NfL concentrations represent measures of disease intensity, then we
would predict that levels would start to increase around
10 years before onset and may provide a useful noninvasive marker of proximity to symptom onset.
There are a number of limitations to this study. In
particular, the majority of the patients did not have
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Figure 2

Relationship of serum neurofilament light chain (NfL) concentrations
to frontal lobe atrophy rate
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DISCLOSURE

Serum NfL concentrations are correlated with frontal lobe atrophy rates (r 5 0.53, p 5
0.003). Points indicate individual patient values, and the straight line indicates the line of
best fit from a linear regression model of serum NfL on annualized frontal lobe atrophy rate.

pathologic confirmation of the cause of their illness, and
future studies should investigate serum NfL levels in different FTD pathologies. Although there is a relatively
large number of cases for a study of a rare disorder like
FTD, the individual numbers are small in each subgroup
(particularly the FTD-MND group), and it would be
useful for future studies to investigate larger groups of
the individual clinical and genetic subtypes. Clinical
measures of disease staging in FTD have only recently
been designed (such as the Frontotemporal Lobar
Degeneration-Clinical Dementia Rating34 and Frontotemporal Dementia Rating Scale35) and were not available in this cohort; it will be important for future studies
to compare such measures with serum NfL levels.
Higher serum NfL concentrations are associated
with more rapid brain atrophy and may therefore
reflect disease intensity in FTD. Because blood sampling is less invasive and has better patient acceptability than lumbar puncture, serum NfL may provide
important prognostic information and prove to be
a useful outcome measure for clinical trials in FTD.
However, further studies will be required to understand the factors affecting the variability in NfL concentration and to determine whether it can be a useful
measure within individual patients.
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Serum neuroilament light protein
predicts clinical outcome in
traumatic brain injury
Pashtun Shahim1, Magnus Gren1, Victor Liman1, Ulf Andreasson1, Niklas Norgren2,
Yelverton Tegner3, Niklas Mattsson4, Niels Andreasen5, Martin Öst6, Henrik Zetterberg1,7,
Bengt Nellgård6 & Kaj Blennow1
Axonal white matter injury is believed to be a major determinant of adverse outcomes following
traumatic brain injury (TBI). We hypothesized that measurement of neuroilament light protein (NF-L),
a protein found in long white-matter axons, in blood samples, may serve as a suitable biomarker
for neuronal damage in TBI patients. To test our hypotheses, we designed a study in two parts: i) we
developed an immunoassay based on Single molecule array technology for quantiication of NF-L
in blood, and ii) in a proof-of-concept study, we tested our newly developed method on serial serum
samples from severe TBI (sTBI) patients (n = 72) and controls (n = 35). We also compared the diagnostic
and prognostic utility of NF-L with the established blood biomarker S100B. NF-L levels were markedly
increased in sTBI patients compared with controls. NF-L at admission yielded an AUC of 0.99 to detect
TBI versus controls (AUC 0.96 for S100B), and increased to 1.00 at day 12 (0.65 for S100B). Importantly,
initial NF-L levels predicted poor 12-month clinical outcome. In contrast, S100B was not related to
outcome. Taken together, our data suggests that measurement of serum NF-L may be useful to assess
the severity of neuronal injury following sTBI.
Traumatic brain injury (TBI) is the most common cause of death and disability following blunt trauma among
young people worldwide1. In clinical setting, severity of TBI is commonly classified using Glasgow Coma Scale
(GCS), where severe TBI (sTBI) has a GCS score of 3–8. Structural damage following sTBI may be detected by
advanced magnetic resonance (MRI) techniques, but is not alone sufficient to predict long-term clinical outcome2,3.
In addition, clinical variables such as age, GCS, pupil reactivity and the extent or grade of damage on imaging
have shown some promise in predicting outcome following TBI, however, with limitation4.
Axonal white matter injury has been hypothesized to be the primary determinant of outcome following both
mild and severe TBI5. Neurofilament light (NF-L) is a CNS-enriched protein, abundantly expressed in the long
myelinated subcortical white matter axons6. Together with the neurofilament medium (NF-M) and heavy (NF-H)
subunits, NF-L is one of the scaffolding proteins of the neural cytoskeleton, with important roles in axonal and
dendritic branching and growth7. In the context of TBI, measurement NF-L in cerebrospinal fluid (CSF) has
shown prognostic utility, both for mild and sTBI8. However, owing to the invasive nature of lumbar puncture for
accessing CSF, it may not always be practical to perform repeated lumbar punctures on a routine clinical basis
in TBI cases, and thus blood-based biomarkers are more preferable. The current most commonly used blood
biomarkers for brain injury, S100 calcium binding protein B (S100B) and neuron-specific enolase (NSE), where
the former is used in the emergency setting instead of CT scan to rule out mild TBI have limited diagnostic and
prognostic value9–11.
A major challenge of developing blood-based tests has been the lack of highly sensitive immunochemical
methods for detection of CNS-specific markers in peripheral blood. We have recently measured tau, a cortical
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axonal protein in plasma using Single molecule array (Simoa) technology, which is up to 1000-fold more sensitive
than conventional ELISA, and showed that tau measured 1 hour after concussion were significantly elevated in
concussed athletes12. However, large myelinated axons, which are enriched in neurofilament are believed to be
more vulnerable to traumatic brain injury8, suggesting that neurofilament measured in blood may have better
both diagnostic and prognostic utility than tau for acute TBI. Previous studies have attempted to quantify NF-M,
and NF-H in patients with stroke and TBI using traditional ELISA, where only less than 50% of patients with
TBI had increased serum NF-M with significantly higher levels in polytrauma patients, thus casting doubt on
the utility of NF-M as a specific biomarker for TBI13,14. However, of the three subunits of neurofilament, NF-L is
the most abundant and essential component of the neurofilament core, acting as the backbone to which NF-M
and NF-H co-assemblies15,16. Recently, a study used a commercial standard ELISA for measurement of NF-L in
serum of patients with sTBI, where they found that high levels of serum NF-L may have prognostic utility for
sTBI17. However, one of the major limitations of using traditional ELISA for quantification of low-abundance
protein such as neurofilament in peripheral fluid is not being able to measure minor axonal damage in TBI cases
or compare with levels found in healthy subjects.
With the above in mind, we hypothesized that measurement of NF-L in sera of humans with sTBI would be
helpful to acutely assess the severity of traumatic axonal injury. To test our specific hypotheses, we designed a
study in 2 parts: i) we developed an ultrasensitive ELISA based on Simoa technology18, for quantification of NF-L
in serum, and ii) in a proof-of-concept study, we applied our newly developed assay on serial blood samples of
sTBI patients (n = 72), as well as neurologically healthy controls (n = 35). We also compared the diagnostic and
prognostic utility of NF-L with the established biomarker for brain injury, S100B.

Results

Assay development. In the first part of this study, we developed an ultrasensitive assay for quantification of

NF-L in serum. For detailed description of the assay development see the method section of the supplementary
material. In a subset of sTBI patients (n = 32) who underwent ventriculostomy for intracranial pressure (ICP)
monitoring, NF-L was also measured in ventricular CSF (vCSF). The levels of NF-L in serum correlated (r = 0.52,
p < 0.0001) with the levels of vCSF NF-L in these patients (see Supplementary Fig. 1b).

Demographic and clinical characteristics. The clinical and demographic characteristics of the sTBI
patients are summarized in Table 1. There were no significant differences in age (median, 36 years, interquartile
range [IQR] 22–54 years versus median, 31 years, IQR 27–60 year; p = 0.60) and sex (p = 0.07, determined by
Pearson’s chi-square test) between sTBI patients and the control group. The etiology of the trauma included
assault (8%), fall (29%), motorcycle accident (26%), car accident (27%), and other cause (10%, explosion and
unknown trauma). At 12 months follow-up, 10 patients had died (these patient had died during 30 days of
injury), 20 patients had severe disability, 23 had moderate disability and 17 had good recovery as assessed by the
GOS scale (Table 1). No patients were in a persistent vegetative state (GOS score of 2). Two of the patients who
survived did not come to the 12-month follow-up and were excluded.
S-NF-L in patients with severe TBI shows similar dynamics as in ventricular CSF. Serum NF-L
levels were significantly increased from day 0 (admission to neurointensive care unit) to day 12, and the highest
levels were measured at 12 days after injury. The rise in serum NF-L between day 0 and day 12 were significant as
compared to controls (p < 0.0001, all time), and the levels normalized at 1-year follow-up (Fig. 1a). Similar to the
releasing dynamics observed in serum, the levels of NF-L in vCSF rose over time with the highest levels measured
at 12 days after injury (Fig. 1b). In contrast, the highest levels of S100B were measured at day 1 after the injury,
and the levels fell to almost normal levels during days 2–12 after injury (Fig. 1c).
Serum NF-L separates severe TBI patients from controls.

As a proof-of-concept, we assessed the
diagnostic utility of NF-L for sTBI. We analyzed AUC comparing the NF-L levels tested at different times after
TBI with the control group. We also assessed the diagnostic utility of S100B. NF-L at admission yielded an AUC
of 0.99 versus. 0.96 for S100B, and the AUC for NF-L increased to 1.0 versus 0.65 for S100B at day 12 (Fig. 2a,b).
The optimal individual cut-off level for NF-L was calculated as 24.0 pg/mL (Youden index, 0.96) and for S100B
as 0.142 µg/L (Youden index, 0.93). Applying these cut-off levels yielded a sensitivity of 97%, a specificity of 96%
and a positive likelihood ratio (LR+) of 23.0 for NF-L. The sensitivity, specificity and positive LR for S100B were
96%, 96% and 24.0, respectively.

Serum NF-L correlates with clinical outcome variables. Initial levels of serum NF-L correlated with
pupil reactivity, and Marshall computed tomography (CT) classification scores (r = 0.50, p < 0.001, and r = 0.38,
p = 0.010, respectively; Table 1). There was no significant difference in the level of NF-L between GCS categories
(p = 0.08; Table 1). Also, S100B correlated with pupil reactivity (r = 0.30, p = 0.030; Table 1). There was no significant correlation between S100B and Marshall CT classification score (r = 0.23, p = 0.12; Table 1).
The levels of either S-NFL or S100B differed between the APOE ε4 carriers and non-carriers (p = 0.80 and
p = 0.60, respectively; Table 1).
Serum NF-L separates survivors from non-survivors. NF-L levels at 24 hours after injury were significantly higher in non-survivors versus survivors (p = 0.0010) (Fig. 3a). Also, NF-L levels over the 12-day period
were significantly higher in non-survivors as compared to survivors (Fig. 3c). In contrast, there were no significant differences in the levels of S100B at 24 hours, after sTBI between non-survivors and survivors (p = 0.45)
(Fig. 3b). However, overall levels of S100B were increased in non-survivors as compared to survivors (Fig. 3d).
In addition, optimal cut-off levels for NF-L (411 pg/mL) and S100B (0.45 µ g/L) were derived from the
Youden index for predicting survival. NF-L measured at admission could discriminate between survivors and
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Variables

NF-L, pg/mL, Median (IQR)

S100B, µg/L, Median (IQR)

GCS 6–8, n = 45

196 (89–413), p = 0.08

0.30 (0.20–0.9), p = 0.15

GCS 3–5, n = 25

107 (67–190)

0.24 (0.18–0.32)

GCS score

Pupil reactivity
Both reactive, n = 31

90 (54–177), r = 0.50, p < 0.0001

0.23 (0.16–0.31), r = 0.30, p = 0.030

One reactive, n = 20

266 (122–450)

0.60 (0.26–1.0)

Neither reactive, n = 16

314 (120–490)

0.30 (0.14–1.5)

NA

NA

Missing, n =3
Marshall CT classification
Grade I, n = 0

0, r = 0.38, p = 0.001

0, r = 0.23, p = 0.12

Grade II, n = 18

132 (66–376)

0.23 (0.13–0.25)

Grade III, n = 15

141 (61–203)

0.30 (0.16–0.40)

Grade VI, n = 28

212 (98–413)

0.45 (0.25–1.0)

NA

NA

418 (162–510), p = 0.014

0.86 (0.20–1.7), p = 0.08

Missing, n = 9
GOS scale at 1-yr
GOS 1, death, n = 10
GOS 2, vegetative state, n = 0

0

0

GOS 3, severe disability, n = 20

210 (105–315)

0.32 (0.23–0.74)

GOS 4, moderate disability, n = 23

103 (45–192)

0.30 (0.20–0.53)

GOS 5, good recovery, n = 17

121 (74–259)

0.15 (0.13–0.70)

160 (72–314), p = 0.80

0.31 (0.2–0.9), p = 0.60

APOE ε4+, n = 17
APOE ε4−, n = 53
Controls, n = 35

166 (80–356)

0.28 (0.18–0.6)

13 (11–17), p < 0.0001

0.05 (0.04–0.07), p < 0.0001

Table 1. Association of clinical outcome variable and biomarker levels. Abbreviations: sTBI, severe
traumatic brain injury; GCS, Glasgow coma scale; GOS, Glasgow outcome score; NF-L, Neurofilament light
protein; S100B, S100 calcium-binding B. NA denotes not applicable/availabe. APOE ε4+ genotype was defined
by the presence of at least one APOE ε4 allele. GOS was assesses at 12 months follow-up. P-values are for
associations with each variable and biomarker levels (continuous), tested by Spearman rank correlation (pupil
reactivity, Marshall CT classification, and GOS scale) or Mann-Whitney U test (GCS score, APOE genotype and
controls).
nonsurvivors with a sensitivity, specificity, and LR+ of 71%, 88%, and 6.0, respectively. Sensitivity, specificity, and
LR+ for S100B were 69%, 71%, and 2.4, respectively (Fig. 2c). In addition, we performed multivariate analysis
with classification trees, where NF-L measured at 24 hours could independently predict outcome (AUC = 1.0)
versus S100B (AUC = 0.96). Both of the biomarkers increased the AUC to 1.0 when added to the full model with
clinical outcome variables as suggested by the international mission for prognosis and clinical trial (IMPACT)
studies.

Serum NF-L correlates with GOS score at 12-months follow-up.

We assessed the univariate relationship between early (24 hours) NF-L levels and clinical outcome, and found higher levels of NF-L in patients
with lower GOS score at 12 months after injury (r = − 0.34, p = 0.010) (Fig. 4b). In contrast, there was no significant difference in the levels of S100B between GOS categories (Fig. 4b). However, there were trends toward higher
levels in patients with poor outcome (Fig. 4b). Also, there was a borderline significant relationship between early
levels of S100B and GOS score (r = − 0.24, p = 0.08).
Traditionally, outcome following sTBI may also be dichotomized into favorable (GOS 1–3) and unfavorable
(GOS 4–5). The levels of NF-L at 24 hours after injury were significantly higher in the unfavorable group as
compared to the favorable group (Fig. 4c). NF-L (216 pg/mL, Youden index, 0.38) at 24 hours of sampling could
separate patients with favorable versus unfavorable outcome with a sensitivity, specificity, and LR+ of 83%, 56%,
and 1.9 compared with S100B (0.44 µg/L, Youden index, 0.27) that had 75%, 55% and 1.6, respectively (Fig. 2d). In
addition, in the multivariate analysis with classification trees, NF-L levels at 24 hours increased the possibility to
predict outcome (AUC = 0.70) in a prediction model including also age, pupil, GCS, and APOE, compared to the
model without NF-L (AUC 0.65). In contrast, S100B did not improve the prediction model (AUC 0.65) compared
to the model without S100B (AUC 0.65).

Discussion

In this study, we developed an ultrasensitive ELISA for quantification of the axonal white matter protein NF-L in
serum using the Simoa platform. This assay allows for quantification of NF-L in blood samples down to 2.7 pg/mL,
with a limit of detection of 0.27 pg/mL, enabling measurement in all samples, including samples from healthy subjects.
In short, we found increased serum levels of both NF-L and S100B in patients with sTBI compared with controls, but
the dynamics were different; whilst NF-L concentrations were increased at admission to NICU, and continued to rise
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Figure 1. Temporal profile of the biomarkers in severe traumatic brain injury. (a) NF-L levels at admission
and latter sampling time points (days 1–12) were increased in patients with TBI as compared to controls
(***p < 0.001, all). (b) NF-L measured in ventricular cerebrospinal fluid from the patients who underwent
ventriculostomy show similar releasing dynamics as in serum. S100B levels at day 0 (admission), day 1, day
2, day 3, day 4 (***p < 0.001, all), day 6 (*p < 0.05) were increased in sTBI patients compared with controls,
and levels measured at latter time points were not statistically different from the control group (c). Values are
presented as median; error bars indicate interquartile range.
over the first 12 days post-injury, S100B concentrations fell over time after an initial peak the first day after trauma.
Importantly, initial NF-L levels correlated with clinical outcome, whereas S100B showed a weaker association.
The finding that NF-L increases in serum of TBI patients is in agreement with two previous studies on NF-L
measured in CSF of amateur boxers with concussive and sub-concussive head trauma8,19. In addition, a recent
study applying the commercial CSF ELISA method for measurement of NF-L in serum samples also found an
increase in serum NF-L in sTBI patients17. However, the commercial ELISA method developed for NF-L measurement in CSF samples17 is approximately 100 times less sensitive than the Simoa assay presented in this paper.
The lower limit of detection was reported to be 31 ng/L17, which is in contrast to the analytical sensitivity of
78 ng/L for the same commercial assay found in another paper20. This means that samples with normal or mildly
elevated levels will escape detection, which precludes identification of a cut-off value for normality and hinders
accurate measurement of serum NF-L mild TBI cases. Indeed, in a study directly comparing these methods, the
correlations between NFL levels measured in paired CSF and serum samples were much stronger for the Simoa
method (r = 0.88) than for the commercial ELISA (r = 0.38), mainly due to the inability of the ELISA to measure
lower levels20.
An intriguing observation arising from our study is that NF-L and S100B showed different dynamics; with
NF-L rising in a linear fashion over time, while S100B returning to approximately normal levels after 2–12 days
after injury. It is possible that serum NF-L may increase beyond the 12th day sampling time-point, but we were
unable to monitor this in the present study since no samples were available after this time-point (except for
the year 1 sample). Animal model studies indicate that the half-life for NF-L in mice optical axons and retinal
ganglion neurons may be in the vicinity of three weeks21, but there are no human studies that have determined
the half-life of NF-L either in serum or CSF. Furthermore, NF-L measured in vCSF of sTBI patients displayed
similar releasing dynamics to the NF-L measured in serum, and also a strong correlation was observed between
NF-L measured in lumbar CSF and serum NF-L (r = 0.81) from the same individuals in this study, suggestive of
neuronal release. The stronger correlation between lumbar CSF NF-L and serum NF-L versus vCSF NF-L and
serum NF-L might be due to the gradient difference; much higher concentrations of NF-L in vCSF compared to
the lumbar. Importantly, the dynamic of NF-L observed in this study also fits well with the implication that all
axonal injury lesions may not occur or may not be visible on brain CT in the initial stages of TBI, but evolves over
hours or days as the axonal swelling progresses22.
Secondary effects of injury such as inflammation, as well as genetic variability have previously been shown
in an animal model study of TBI to effect NF-L concentration23. However, we found no significant difference in
the levels of either NF-L or S100B between the APOE ε4 carriers and non-carriers. Previous studies have shown
conflicting results regarding the effect of APOE ε4 on outcome following TBI24.
S100B showed similar dynamics as in previous studies with the highest concentrations within 48 hours of
admittance to the NICU25. Previous studies of S100B in the context of sTBI, have also observed a secondary peak,
where the secondary peaks were correlated to secondary injury, however, in the current study, we did not observe
any obvious secondary peaks26–28. It is worth mentioning that the delta value for the secondary peak observed in
the previous studies was very small compared with the S100B levels found at day 1.
Clinical outcome is highly variable after sTBI, and prognostic prediction therefore difficult to make despite
association of clinical variables such as age, pupil reactivity, GCS score, and the extent of damage on imaging at
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Figure 2. Diagnostic accuracy of the biomarkers for severe traumatic brain injury. Area under the receiver
operating characteristic curve (AUC) for NF-L (a) and S100B (b) concentrations at admission, and days 1–12
post-TBI versus control group. (c) Shows the ROC curve for NF-L and S100B in survivors versus non-survivors.
(d) Shows the ROC curve for NF-L and S100B in favorable versus unfavorable outcome group. AUC for NF-L
and S100B were 0.70 and 0.65 in survivors versus non-survivors; 0.71 and 0.60 in favorable versus unfavorable
outcome, respectively.

admission in statistical multivariate models4,29. In this study, we found significant correlation between higher
serum NF-L levels and pupil reactivity as well as Marshall CT score. Furthermore, NF-L could separate survivors
from non-survivors, and the initial levels were predictive of 12 months adverse clinical outcomes. Additionally, in
the multivariate analysis, initial levels of NF-L could independently predict outcome, and increased the prognostic value when added to the model with clinical outcome variables as suggested by the IMPACT studies3. Similar
to NF-L, initial levels of S100B correlated with pupil reactivity but not Marshall CT score. Also, S100B marginally
correlated with GOS score. Additionally, S100B in multivariate analyses could independently separate survivors
from the non-survivors, while it showed poorer predictive value than NF-L for prediction of GOS score. Previous
studies on S100B have also showed conflicting results for predicting outcome12,30–33.
Developing a reliable method for quantification of axonal white matter injury in peripheral fluid may have
utility beyond the field of TBI. CSF NF-L has also been shown to increase in axonal degenerative disease such as
Alzheimer’s disease (AD), multiple sclerosis (MS) and amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD)8,34–38. Thus, measurement of NF-L in serum may have utility in the clinical and research settings
for these axonal degenerative diseases, where currently biomarker-supported diagnosis and are limited to analyses of CSF.
There are limitations to this study. First, we could not directly assess the relationship of NF-L concentrations
and axonal injury evaluated by MRI techniques, such as diffusion tensor imaging (DTI). A previous study did not
find a correlation between serum NF-L and diffuse axonal injury on DTI, which may be due the limited number
of subjects in the DTI group, or since no anti-HAMA reagents were included in the ELISA method used17, possibly also from interference from heterophilic antibodies that may result in very high levels. In contrast, a recent
study using the same ultrasensitive Simoa assay as in the present paper, showed a marked (30-fold) increase in
serum NFL in patients with sTBI, with higher NFL levels showing a tight correlation with MR-DTI measures
of DAI39. Further, a recent study on CSF NF-L in demyelinating disorders point toward NF-L being a marker
of axonal injury, with the concentration of NF-L correlating with the extent of axonal injury on MRI40. Also,
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Figure 3. Serum NF-L and S100B in non-survivors versus survivors of severe traumatic brain injury. NF-L
(a) and S100B (b) in serum samples obtained at 24 hours after injury. NF-L (c) and S100B (d) levels in serum
samples obtained over the period of 1–12 days after injury (d). Values are presented as median; error bars
indicate interquartile range.

we could not assess the relationship of NF-L to vCSF closely in all patients, as we did not have access to vCSF
from all patients. Additionally, we compared the diagnostic utility of NF-L with healthy controls. It is possible
that multitrauma patients without head injury may also have increased level of NF-L, although, we observed no
significant effect of physical contact or trauma on serum levels of NF-L in ice hockey players after a game without
head injury, thus, speaking against NF-L being expressed in extracerebral tissues (see Supplementary Table 1). In
contrast, there was a significant increase in the level of S100B after the game without head injury, suggestive of
extracerebral release (see Supplementary Table 1).
In conclusion, we developed an ultrasensitive ELISA that allowed for the quantification of NF-L in serum of
individuals with sTBI as well as healthy controls. Our data add support for the hypothesis that axonal white injury
may be related to long-term impairment following TBI. Measurement of NF-L levels in serum may be useful way
to assess the severity of axonal injury acutely in the intensive care unit, as well as in athletes with concussion.
Additionally, the newly developed ultrasensitive assay for NF-L could be useful in both clinical and research settings to track disease progression, and also evaluate efficacy of early phase clinical pharmacodynamics testing of
candidate therapeutics, not only in TBI, but also other axonal degenerative diseases such as MS and FTD, where
biomarker-supported diagnosis and prognosis have previously been limited to analyses of CSF.

Methods

Standard protocol approvals and consent. The ethics committee for medical research at the University

of Gothenburg, Sweden approved the use of human subjects for these studies. All the methods in the study
were performed in accordance with the relevant guidelines and regulations of the ethics committee for medical
research at the University of Gothenburg. Written informed consent was obtained from all participants or, if
incapable, from their proxy, prior to the inclusion in the study.

Participants. For the sTBI part of this study, 72 patients were recruited consecutively at Sahlgrenska
University Hospital, Sweden, over a period of 11 months. Samples from two of the patients were excluded from
the analyses due to loss of follow-up at 12 months. The inclusion criteria were: 1) sTBI with a GCS of 8 or less at
admission, 2) admittance to the NICU within 48 hours from head injury, 3) age ≥18 years, 4) acceptance from
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Figure 4. NF-L is predictive of overall clinical outcome 12 months after injury in severe traumatic brain
injury. Serum NF-L samples (a) obtained at initial 24 hours after injury significantly differed between the
Glasgow Outcome Scale (GOS) categories (GOS 1 versus. GOS 2–5; *** p < 0.0001). (b) There was no significant
difference in the levels of S100B and different GOS categories when corrected for multiple group comparisons.
No patients were in a persistent vegetative state (GOS score of 2). (c) Serum NF-L levels during the initial
24 hours of sampling were significantly higher in patients with unfavorable outcome versus favorable. (d) There
was no significant difference in the levels of S100B between patients with unfavorable versus favorable outcome.
Values are presented as median; error bars indicate interquartile range.

next-of-kin to participate in the study, and 5) residence in Sweden for 12 months follow-up. The exclusion criteria
were no informed consent, known history of neurological and/or autoimmune disease, and pregnancy. Blood
samples were obtained at admission (n = 25) and day 1 (n = 56), 2 (n = 68), 3 (n = 62), 4 (n = 64), 6 (n = 66), 8–9
(n = 57), and 10–12 days (n = 50) post-trauma and at 12 months (n = 32) clinical follow-up. In the sTBI patients
(n = 32), who underwent insertion of an ICP monitor using ventriculostomy, we also measured NF-L in vCSF.
The control group consisted of 35 neurologically healthy subjects with normal mini-mental state examination
scores and no history of head trauma or other potential causes of brain injury.

Clinical outcome assessment.

In patients with sTBI, the primary outcome was Glasgow Outcome Scale
(GOS) score at 12 months follow-up. GOS is quantified into scores of 1 to 5, and can be divided into either unfavorable (death, vegetative state, severe disability, GOS 1–3) or favorable (moderate disability, good recovery, GOS
4–5) outcome41,42. We also assessed the association of serum NF-L and S100B levels with other clinical predictors
of outcome, suggested by the IMPACT studies3,4, such as age at injury, CT Marshall classification scores, GCS
score, and pupil reactivity43. The Marshall classification describes whether the injury is diffuse with different
degrees of severity or focal44. We also tested whether the presence of APOE ε4 in sTBI hade effect on biomarker
levels or outcome as some studies have reported that APOE ε4 may be associated with adverse clinical outcomes
after sTBI45.

Biochemical procedures. Blood samples were collected by venipuncture into gel-separator tubes for serum
and centrifuged within 20–60 minutes. Serum was separated, aliquoted and stored at −80 °C pending biochemical analysis.
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vCSF NF-L levels were measured using a commercial ELISA (NF-light ELISA, Uman Diagnostics, Umeå,
Sweden) as described previously46.
S100B levels were measured using Cobas e601 (Roche Diagnostics, Mannheim, Germany) with the commercially available Elecsys S100 test (Roche Diagnostics, Mannheim, Germany, lower limit of detection < 0.005 µg/L,
see Methods in the supplementary material for detailed description of the method.
NF-L levels in serum were measured using the Simoa platform (Quanterix, Lexington, MA, USA), a magnetic
bead-based digital ELISA that allows detection of proteins at subfemtomolar concentrations. Limit of detection
(LOD) for the NF-L assay was 0.29 pg/mL and lower limit of quantification (LLOQ) was 2.7 pg/mL when compensated for a four-fold sample dilution. LOD and LLOQ were determined by mean blank signal +3 SD and +10
SD, respectively. Average intra-assay duplicate coefficient of variation (CV) for the samples was 6.5% (SD 8.6%).
Details on the development of NF-L assay can be found in the Methods of the Supplement.
All samples were analyzed using the same batch of reagents by board-certified laboratory technicians who
were blind to clinical information.

Statistical analyses. The area under the receiver operating characteristic curve was calculated for determining
diagnostic accuracy. The Youden index was applied for optimal individual cut-off levels. Outcome was also assessed
using recursive partitioning analysis regression of trees using the “rpart” package47. All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Inc., San Diego, CA), and R (v. 3.0.3, The R Foundation for Statistical
Computing). Details on the statistical methods applied in this study can be found in the Statistics of the Supplement.
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Abstract
Objectives: To describe CSF-defined neuronal intermediate filament (NIF)
autoimmunity. Methods: NIF-IgG CSF-positive patients (41, 0.03% of 118599
tested, 1996–2019) were included (serum was neither sensitive nor specific).
Criteria-based patient NIF-IgG staining of brain and myenteric NIFs was
detected by indirect immunofluorescence assay (IFA); NIF-specificity was confirmed by cell-based assays (CBAs, alpha internexin, neurofilament light [NFL]), heavy-[NF-H] chain). Results: Sixty-one percent of 41 patients were men,
median age, 61 years (range, 21–88). Syndromes were encephalopathy predominant (23), cerebellar ataxia predominant (11), or myeloradiculoneuropathies
(7). MRI abnormalities (T2 hyperintensities of brain, spinal cord white matter
tracts. and peripheral nerve axons) and neurophysiologic testing (EEG, EMG,
evoked potentials) co-localized with clinical neurological phenotypes (multifocal
in 29%). Thirty patients (73%) had ≥ 1 immunological perturbation: cancer
(paraneoplastic), 22; systemic infection (parainfectious [including ehrlichosis, 3]
or HIV), 7; checkpoint-inhibitor cancer immunotherapy, 4; other, 5. Cancers
were as follows: neuroendocrine-lineage carcinomas, 12 (small cell, 6; Merkel
cell, 5; pancreatic, 1 [11/12 had NF-L-IgG detected, versus 8/29 others,
P = 0.0005]) and other, 11. Onset was predominantly subacute (92%) and
accompanied by inflammatory CSF (75%), and immunotherapy response
(77%). In contrast, CSF controls (15684 total) demonstrated NIF-IgG negativity
(100% of test validation controls), and low frequencies of autoimmune diagnoses (20% of consecutively referred clinical specimens) and neuroendocrinelineage carcinoma diagnosis (3.1% vs. 30% of NIF cases), P < 0.0001. Median
NF-L protein concentration was higher in 8 NF-L-IgG-positive patients (median, 6718 ng/L) than 16 controls. Interpretation: Neurological autoimmunity,
defined by CSF-detected NIF-IgGs, represents a continuum of treatable axonopathies, sometimes paraneoplastic or parainfectious.

Introduction
Several proteins with prominent structural integrity roles
in neurons and glia have been reported as substrates for
neurological autoimmunity, including the axon-abundant
neuronal intermediate filaments (NIFs).1-4 NIF-IgGs from

affected patients produce either of two criteria-based patterns of IgG binding to neuronal filamentous elements on
murine tissue-based indirect immunofluorescence assay
(IFA).1 For neurological diagnosis, a testing algorithm
that included alpha internexin (aIN, which is not a neurofilament), neurofilament light chain (NF-L), and heavy
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chain (NF-H)-IgGs have proven sufficient for confirmation of tissue findings and clinical interpretation. An antibody profile that included NF-L-IgG positivity was
associated with paraneoplastic CNS disorders accompanied by neuroendocrine-lineage carcinomas, most commonly Merkel cell or small cell type.1 Clinical significance
remained uncertain in patients with other NF-L-IgG-negative profiles, many of whom were historical cases with
only serum and limited clinical data available. A parainfectious cause in some patients also appears plausible, as
we have previously identified some cases of ehrlichosis
preceding neurological symptom onset.
Herein, we describe in detail our entire clinical experience of 41 patients with NIF autoimmunity detected in
CSF (1996–2020).

A. McKeon et al.

Methods
Patients
Patients were all those (both Mayo Clinic and external
referrals) in whom NIF-IgGs were detected in CSF in the
Neuroimmunology Laboratory (NIL) of the Mayo Clinic
in the course of clinical service evaluation for autoimmune neurological disorders. Testing was undertaken by a
two-step algorithm, as described previously.1 First, all
specimens were screened for NIF-IgGs by IFA, and met
criteria for either pattern 1 (typical of NF-L, or aIN-predominant IgG staining) or pattern 2 (typical of NF-Hpredominant IgG staining), Figure 1, left panels. Second,
all positive specimens yielded by the first step were tested

Figure 1. NIF-IgG studies in CSF. Left panels, A-E, patterns of NIF-IgG staining of mouse tissue by indirect immunofluorescence. A, pattern 1
(aIN- or NF-L-predominant); staining throughout the cerebellum with prominent blush in the molecular layer (left). B, pattern 2 (NF-Hpredominant); staining is mostly restricted to the granular layer (right) and Purkinje cell layer (middle), with sparse molecular layer staining (left).
Staining of other elements, such as white matter (C, asterisks), myenteric plexus (D), and hippocampus (E), are identical for patterns 1 and 2.
Right, HEK-293 cell-based assay confirming positivity for all three NIF-IgG subtypes evaluated in a patient whose CSF produced pattern 1 NIF-IgG
staining by the tissue-based assay.
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by three NIF-specific CBAs (aIN, NF-L, and NF-H), and
were positive in at least one of those assays, Figure 1,
right panels. Forty-one such CSF-positive cases were
acquired consecutively between October 30th 1996 and
June 30th 2020 (of 118599 patients who had CSF tested in
the course of assessment for autoimmune neurological
diagnoses, 0.03%). An additional 80 cases with serum
NIF-IgG positivity were also acquired over that time
frame and were excluded from this study (77 had no
available CSF to evaluate further; all 3 for whom CSF was
available, but were NIF-IgG negative, had alternative nonautoimmune diagnoses [frontotemporal dementia, classical multiple sclerosis, or metabolic encephalopathy]).
Clinical and testing data were obtained from the Mayo
Clinic electronic medical record (13) and outside neurologists (28) by CZ, SS, and AM. MRI images were
reviewed and selected by AM, EF, and DD (CNS), and
AAM (peripheral nervous system).

Neuronal Intermediate Filament Autoimmunity

concentration was performed in duplicates by investigators blinded to clinical data using a commercially available enzyme-linked immunosorbent assay (NF-light;
Uman Diagnostics, Umea, Sweden) as described by the
manufacturer with the same batch of reagents.

Statistical analysis
Comparisons of categorical variables pertinent to NIF
autoimmune patients and controls were undertaken utilizing Chi-square test with Yates correction and Fisher
exact test as appropriate.

Results

Each specimen was diluted (serum, 1:64; CSF 1:2) and
placed in microscopic slide wells precoated with Ehrlichia
chaffeenis-infected cells. After incubation, the slides were
washed and a fluorescein-isothiocyanate conjugate was
added to each well. The slides were then read using a fluorescence microscope. Fluorescent staining of intracellular
organisms constituted a positive result.

All 70 CSF analytical controls were negative by tissue IFA,
and all 3 NIF CBAs (aIN, NF-L, and NF-H), testing
undertaken in the course of test verification and validation for clinical use in our diagnostic laboratory. All 41
included patient CSF specimens that met diagnostic NIFIgG immunohistochemical criteria, had ≥ 1 NIF-IgGs
detected by CBAs: aIN (29); NF-H (30); and NF-L (20).
CSF from 14 patients (9 had NF-H-IgG positivity alone
by CBAs) produced pattern 2 (heavy-chain typical) staining by IFA, and the remaining CSF from 27 patients produced pattern 1 staining (none had NF-H-IgG positivity
alone), Figure 1. Companion serum was available in 27 of
41 patients, and was NIF-IgG negative in 20 (74%).

Controls

Demographic and neurological phenotypes

The following CSF control cohorts were evaluated:
1 Laboratory analytical: from 70 patients without autoimmune CNS disease (50 adult; 20 pediatric) assayed in
the course of test verification procedure to meet regulatory requirement for clinical use.
2 Clinical neurological: 120 consecutive Mayo Clinic
Rochester patients (3:1 ratio with cases) evaluated in
the Department of Neurology who had CSF tested in
NIL during 2019.
3 Clinical cancer: All 15494 Mayo Clinic patients with
CSF sent to NIL for neural autoantibody evaluation
(1996–2018). Patient records were cross-referenced for
cancer diagnoses (historical or contemporary) pertinent
to the patient results (neuroendocrine-lineage carcinomas [small cell, Merkel cell, other] and lymphomas
[Hodgkin and non-Hodgkin type, not including those
with CNS lymphoma).
4 Measurement of CSF NF-L protein concentration: CSF
specimens were from 8 of the NIF autoimmune cohort
(all NF-L-IgG positive), 8 patients with multiple sclerosis (MS), and 8 patients with normal pressure hydrocephalus (NPH). Measurement of CSF NF-L protein

Thirteen patients were evaluated neurologically at the
Mayo Clinic. Twenty-five patients were male (61%). Median age at CSF testing was 61 years (range, 21–88),
Tables 1–3. Twenty-one patients were previously reported,
and are clinically described in further detail herein, along
with the remaining 20 patients acquired 2018–2020. Neurological presentations were subacute over a course of 03 months in 36 patients (90%), with a progressive course
over 3–6 months in the other 4. Four patients were
known to have a relapsing course.
Neurological phenotypes among 120 neurological controls consecutively referred to the Neuroimmunology Laboratory for CSF antibody testing (all NIF-IgG negative)
were diverse. Twenty-four (20%) had final clinical
autoimmune or other inflammatory diagnoses: encephalitis, 14; neuropathy, 3 (all large fiber [axonal, 2; demyelinating, 1]); ataxia, 2; MS, 2; neuromyelitis optica, 1;
myelitis, 1; stiff-person syndrome, 1. The remaining 96
controls (80%) had: psychiatric disorders, 22; unspecified
neurological disorders, 17 (cognitive, 12; ataxia, 1; peripheral nervous/autonomic, 4); degenerative dementias, 17;
primary
headache
disorders,
15;
metabolic

Ehrlichia chaffeensis testing
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Syndrome

Symptoms, signs

1. M/77

ENC

2. F/47*

ENC

3. M/52*

ENC

AMS, auditory halluci,
dysarthria
Anxiety, agitation, AMS,
confusion, dyskinesias,
coma
Depression, anxiety, AMS

4. F/74

ENC

5. M/76

ENC

6. M/40

ENC

7. M/41
8. F/66

ENC
ENC

9. M/73
10. M/55

ENC
ENC

11. M/47

ENC

12. M/63*

ENC & brach plexitis

13. F/75

ENC

14. F/60*

ENC

15. M/79

ENC

16. F/73*

ENC

AMS, AMS, visual
disturbance (ophthalmitis)
Rapid-onset amnesia, gait
apraxia
Headache, meningism,
blurred vision, seizures
AMS, depressed mood
AMS, apraxia eyelid opening
& gait, coma,
AMS, cognitive decline
Cognitive decline, motor
apraxia
AMS, focal dyscognitive
seizures
HA, diplopia, nausea,
meningism, AMS, R&L
shoulder pain
AMS, amnesia,, diplopia,
dysarthria, dysphagia,
weakness
Visual disturbance,
hemianopsia, delirium,
confusion, VII CN palsy

AMS, coma, dysarthria,
dysphagia
Neck & body pain, AMS,
delusions, & auditory
hallucinations (mild

Cancer, infection,
autoimmune

NIF,
CSF

URI

HL

SCLC

AL

-

AHL

Merkel Cell ca,
pembrolizumab
Prostate adenoca

MRI
Br: deep WM T2
abn + enhancement
Br: hazy deep WM ↑T2
FLAIR

CSF WCC/
Pro/OCB/Ab

Neurophysiology,
neuropsychology

35/N/0/0

EEG: triphasic waves

N/42/4/NMDA-R

EEG: gen delta slowing,
seizures

16/72/8

EEG: N

AHL

Br: limbic & anterior
temporal T2 FLAIR Abns
Br: N

11/150/5/CRMP5

-

H

Br: N

N

-

NHL

H

8/64/N

EEG: seizures

Enterovirus
HIV CD4 > 200

H
H

Br: fronto-parietal T2 WM
changes
Br: N
Br: N

14/68/N/0
N

-

Lung adenoca
-

AH
A

Br: N
Br: N

N/49/N/0
N

-

Symptoms post-Ehrlicosis
pneumonia; RA
Papillary renal cell ca;
membranous
glomerulonephritis

A

Br: diffuse WM ↑ T2

N/56/N

A

Br: L&R periventricular,
hazy WM ↑T2.Thick , T2
signal abns L brach plexus

11/41/4

Merkel cell ca,
pembrolizumab

AHL

Br: N

12/58/N/0

EEG: gen seizure
discharges
EMG: bilateral
suprascapular
neuropathies w/o reinnervation
-

Pernicious anemia

A

N/79/N

EEG, N. NP: Global
deficits, executive
dysfunction,
frontosubcortical.

Hepatocellular ca

A

Br: hemispheric deep WM
↑T2; R parieto-occipital,
periventricular, & centrum
semiovale regions,
enhancement
-

N/93/N/0

EEG: generalized slowing

Ehrlichosis: URTI, ↓Plts, ↑
LFTs. Tick bite 2 weeks
prior.

HL

Br C & T SC, N; LS spine:
enhancing anterior thecal
sac & LS nerve roots

55/150/N/0, ↑IgG
index

EEG: focal L temporal
slowing; EMG mild
polyrad
(Continued)
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Table 1. Encephalopathy phenotypes: cancers, immunological findings, and paraclinical data.

Pt no. Age/Gender

Syndrome

Symptoms, signs
asymptomatic neuropathy
at F/U
AMS, gait apraxia, dysarthria,
cerebellar signs
AMS, dysarthria, dysphagia,
tremor, cerebellar ataxia

NIF,
CSF

MRI

CSF WCC/
Pro/OCB/Ab

Neurophysiology,
neuropsychology

-

AHL

Br: diffuse atrophy

N/N/4/0

-

HIV, medication
noncompliant

A

199/N/P/0

-

Pancreas neuroendocrine
ca

AHL

Br: hazy ↑T2 WM, R
frontal, deep WM, BS,
cerebellar hemispheres/
peduncles, (frontal
enhancement)
Br: hazy ↑T2 brain &
cerebellar WM

N/46/N/0

-

SCLC

AHL

Br: Hazy ↑T2 (deep WM,
brainstem, SC
corticospinal tracts),
enhancing L VII CN
AHL
Br: R&L hemispheric WM &
full SC T2 changes with
enhancement (brain &
conus)
AL Br: hypophysitis

11/77/9/0

-

11/94/P/GFAP

-

20/93/NA

-

A

36/NA/9

-

17. M/69

ENC & ataxia

18. F/43

ENC & ataxia

19. M/88*

ENC & ataxia

20. F/74*

ENC

21. F/48

Encephalomyelopathy

Vision disturbance,
multimodal cognitive
decline, seizures weakness

RA, hypothyroid history

22. M/57

Encephalomyelopathy

23. M/21*

Encephalomyelopathy

Headache, nausea, visual
disturbance, AMS,
hemianopsia, weakness
Visual disturbance, AMS;
relapse with myelopathy

Lung rhabdoid adenoca,
ipilimumab &
novolumab
-

Delirium, pan-cerebellar
ataxia, large amplitude
rubral tremor, dysphagia,
dysarthria
Headache, vertigo, nausea,
vomiting, deep body
aching, spasticity

Br: R&L hemispheric hazy WM
T2 FLAIR changes. Spine: N

A, alpha-internexin; Ab, antibody; Abn, anormal; AMS, altered mental status; brach, brachial; Ca, carcinoma; CRMP5, collapsin response-mediator protein-5 EEG, electroencephalogram; EMG,
electromyography; ENC, encephalopathy; F, female; FLAIR, fluid-attenuated inversion recovery; F/U, follow-up; gen, generalized; GFAP, glial fibrillary acidic protein; H, heavy chain; Halluci, hallucinations; HIV, human immunodeficiency virus; L, left; Li, light chain; LS, lumbosacral; M, male; Mo, months; N, normal; NA, Not available; NMDA-R, N-methyl-D-aspartate receptor; NP, neuropsychometric test; OCBs, oligoclonal bands (CSF-exclusive); Polyrad, polyradiculoneuropathy; Pro, protein; Pt no., patient number; R, right; RA, rheumatoid arthritis; SCLC, small cell lung cancer; URI,
upper respiratory tract infection; WCC, white cell count; WM, white matter.
*Patient evaluated in person at Mayo Clinic; ↑ = increased/hyperintense; ↓ = reduced.
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Cancer, infection,
autoimmune
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Table 1 Continued.

Neurological
syndrome

Symptoms, signs

Cancer, potential immunologic
contributors

NIF CBA
Profile, CSF

24. F/81

Ataxia

Pan-cerebellar ataxia

Hodgkin lymphoma

H

25. M/57
26. F/74

Ataxia
Ataxia

Pan-cerebellar ataxia
Pan-cerebellar ataxia

AH
AH

27. M/64
28. F/74*

Ataxia
Ataxia

Pan-cerebellar ataxia
Pan-cerebellar ataxia vertigo,
diplopia

Hepatocellular carcinoma
Merkel cell carcinoma,
pembrolizumab
SCLC
Merkel cell carcinoma;
post-URI

29. M/65

Ataxia

Merkel cell carcinoma

AHL

30. M/64

Ataxia

Pan-cerebellar ataxia,
diplopia, nausea, vomiting
Pan-cerebellar ataxia, vertigo,
nausea, vomiting

SCLC, RA history

AHL

31. M/74

Ataxia

-

H

32. F/64

Spinocerebellar

Leiomyosarcoma

AHL

N
Brain: initially normal,
32/71/8
marked cerebellar
atrophy at follow-up
Brain: Cerebellum
15/N/P/0
T2 changes
Brain: focal FLAIR
29/97/N/ANNA-3
changes in the left
cerebellar hemisphere
suggestive of cerebellitis
Brain: bilateral T2
31/93/N/0
hyperintensities in
cerebellum
N/N/N/GAD65

33. M/56

Spinocerebellar

SCLC

AHL

Brain: N

13/128/P

-

34. F/61*

Bulbospinal

-

AHL

Brain: diffuse T2 FLAIR
changes hemispheric
white matter &
pons, and
cervical cord (hazy)

26/88/N

Normal EMG; slow
somatosensory-evoked
potentials, localizing to
cervical spinal cord.

Encephalopathy, vertigo,
diplopia, dysarthria,
cerebellar ataxia
Cerebellar ataxia, leg
paresthesia, ascending
weakness
Cerebellar ataxia, leg
paresthesias
Ptosis, diplopia, altered taste,
pseudobulbar palsy,
progressive pain,
hyperpathia, weakness in
arms

AHL
AHL

MRI
Brain: leptomeningeal
enhancement
Brain: normal

CSF WCC/ Pro/ OCB/
Co-existing Ab

Neurophysiology

N

-

N
N/N/N/Zic4

-

-

-

EMG: length-dependent
axonal polyneuropathy

A, alpha-internexin; Ab, antibody; ANNA-3, antineuronal nuclear anitbody type-3; EEG, electroencephalogram; EMG = electromyography; F, female; FLAIR = fluid-attenuated inversion recovery;
GAD65, glutamic acid decarboxylase 65; H, heavy chain; HIV, human immunodeficiency virus; L, light chain; M, male; N, normal; OCBs, oligoclonal bands (CSF-exclusive); P, positive; Pro, protein;
Pt no., patient number; RA, rheumatoid arthritis; SCLC, small cell lung cancer; WCC, white cell count.
*Patient evaluated in person at Mayo Clinic.
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Table 2. Cerebellar ataxia-predominant phenotypes: accompanying cancers, immunological findings, and paraclinical data.

Cancer, potential
immunologic
contributors

NIF CBA
Profile, CSF

Neurophysiology & biopsy
data

6//N/N/N

Cord biopsy revealed
histiocyte-rich lesion
with myelin loss,
scattered T lymphocytes

NA/NA/P

-

N

-

Brain: N; Spine:T2
hyperintensity T3
level; thickened
lumbosacral nerve
roots; T2
hyperintense femoral
nerves R > Le

N/67/N/0

HL

Spine: N

35/53/5

Right sensorineural
hearing loss, slow right
blink response, slow
somatosensory-evoked
potentials localizing to
thoracic spinal cord, &
axonal sensorimotor
polyneuropathy
-

Non-Hodgkin
lymphoma

H

N/83/0/0 (cytology normal)

EMG lumbosacral
radiculopathies

-

A

Spine: enhancing
anterior thecal sac &
lumbosacral nerve
roots
Brain & spine: N

N/50/N/0

EMG: 50% partial
conduction block right
ulnar nerve; F-wave
prolonged

Neurological syndrome

Symptoms, signs

35. M/64*,*

Myelopathy

Right-sided weakness,
bowel and bladder
dysfunction. Wheel-chair
bound

Ehrlichosis
preceding

H

36. M/59

Myelopathy

Progressive weakness

-

A

37. F/60

Myeloneuropathy

SCLC

AHL

38. M/59*,*

Myeloneuropathy

Progressive painful
paresthesias with upper
limb and trigeminal
distribution, leg
spasticity
Progressive painful
neuropathy with
trigeminal, trunk, & 4
limb distribution.
Hearing loss.

-

H

39. F/43

Lumbosacral
polyradiculoneuropathy
Lumbosacral
polyradiculoneuropathy

Severe diffuse limb pain
& weakness
Progressive limb
weakness

-

Multifocal motor
neuropathy

Deep aching &
progressive upper
extremity weakness,
neuropathy

40. M/65*,*

41. M/45

MRI
Spinal cord:
longitudinally
extensive C2-5 T2
changes; central
enhancement.
Brain/spine: diffuse T2
changes brain &
spinal cord;
enhancement
-

A, alpha-internexin; Ab, antibody; EMG, electromyography; F, female; H, heavy chain; HIV, human immunodeficiency virus; L, light chain; Le, left; M, male; N, normal; NA, not available; OCBs,
oligoclonal bands (CSF-exclusive); Pro, protein; P, positive; Pt no., patient number; R, right; RA, rheumatoid arthritis; SCLC, small cell lung cancer; WCC, white cell count.
*Evaluated at Mayo Clinic.
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CSF WCC/Pro/
OCB/Co-existing Ab

Pt no. Age/Gender
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Table 3. Myelopathy- and neuropathy-predominant phenotypes: accompanying cancers, immunological findings, and paraclinical data.
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encephalopathies, 7; stroke, 5; primary seizure disorders,
5; other non-neurologic, 5; brain neoplasms, 2; and
hereditary, 1.
In contrast, NIF autoimmune phenotypes were
restricted to three groups (Tables 1–3): encephalopathy
predominant, 23 (56%); ataxia predominant, 11 (29%);
and myelopolyradiculoneuropathy, 7 (15%). Twelve
patients had multifocal neurological disease (29%). In
contrast with controls, 31 of 41 NIF-IgG cases (77%,
including all 13 Mayo Clinic cases) had documentation
supportive of nervous system inflammation: ≥1 of
increased post-gadolinium enhancement on MRI,
increased white cells or oligoclonal bands in CSF, or previously characterized neural IgG detected in serum or
CSF, Tables 1–3, P < 0.0001, Fisher Exact Test.
The 23 patients with the most common phenotype,
encephalopathy predominant, had rapid onset and progression of cognitive impairment, typically multimodal.
All had rapid onset delirium and memory problems, and
one or more additional features: vision disturbance (6: 5
had blurred vision without ophthalmologic findings,
including 2 with hemianopsia; 1 had ophthalmitis and
coexisting CRMP-5-IgG), motor apraxia (4, [of gait, 4, of
eyelids, 1]), headache (5, 3 had meningism), mood
change (4), seizures (3, [generalized, 2; focal dyscognitive,
1]), or language disorder and dyskinesias (1, and coexisting NMDA-R antibody). Eleven had ≥ 1 accompanying
signs of brainstem dysfunction (8: dysarthria, 6; dysphagia, 4; diplopia, 2; nausea, 1; facial palsy, 1; tremor, 1;
ptosis and bulbar palsy, 1), myelopathy (4), cerebellar
ataxia (3), and polyradiculoneuropathy (1). Detailed neuropsychometric testing in Patient 14 revealed deep white
matter localization (moderate global cognitive deficits,
with executive dysfunction particularly notable, localizing
to frontal and subcortical pathways).
A cerebellar or brainstem predominant neurological
phenotype was encountered in 11 patients (30%), 4 of
whom also had myelopathic findings (Table 2). Additional brainstem findings included: diplopia, 4; vertigo, 2;
vomiting, 2; and dysarthria, 2.
The remaining 7 patients (18%) had, as the sole neurological
manifestation:
inflammatory
lumbosacral
polyradiculopathies (3), myelitis (2), myeloneuropathy
(1), and multifocal motor neuropathy with conduction
block (GM-1 antibody negative, 1), Table 3. Among 15
total patients with myelopathic or neuropathic findings, 8
had considerable limb or generalized body pain at onset
(Tables 1–3).

MRI findings
Data were available in 36 patients (88%). Twelve of 36
patients (35%) were reported to have normal imaging, all

432

A. McKeon et al.

evaluated outside Mayo Clinic. A further four had normal
brain imaging initially, which subsequently demonstrated
deep white matter T2 hyperintensities. Among the 16
non-Mayo cases with abnormal imaging, T2 abnormalities
were reported in ≥ 1 of hemispheric deep white matter
(6, with accompanying enhancement in 3, including 1
with radial periventricular enhancement, and coexisting
GFAP-IgG), brainstem (4), cerebellum, (3) and spinal
cord (3, with accompanying enhancement in 2).
MR images were reviewed in detail for 13 Mayo Clinic
patients; all had abnormalities detected (Figures 2 and 3,
Tables 1–3). Observed brain abnormalities were confluent, hazy T2 change in white matter of ≥ 1 of cerebral
periventricular deep white matter (7), brainstem (2), temporal lobes (1), and cerebellum (1). Although individually
nonspecific in appearance (and generally reported as such
by radiology), those changes were neurological localization-relevant throughout the group (Tables 1 and 2).
Post-gadolinium enhancement was also observed in
Patient 14 (periventricular radial and leptomeningeal
radial [GFAP-IgG negative]) and patient 20 (left facial
nerve). One patient with severe pancerebellar ataxia (27)
had initial normal imaging, but diffuse cerebellar atrophy
at follow-up. Patient 12, with shoulder pain after
encephalitis onset, also had thickening and increased T2
signal of brachial plexus, without enhancement (Figure 3). Three patients with myelopathy (1) or
encephalomyelopathy (2) had longitudinally extensive T2
signal change in the cord (dorsal cord and white matter
tract predominant, hazy in 2, with accompanying dorsal
cord-predominant postgadolinium enhancement in 1),
Figure 2. Patient 38 with myeloneuropathy had short segment dorsal thoracic T2 signal change, thickened and T2
hyperintense lumbosacral roots, and T2 hyperintensity of
bilateral femoral nerves. Both patients 16 (encephalopathy
and asymptomatic polyradiculoneuropathy detected on
EMG) and 40 (symptomatic polyradiculoneuropathy) had
enhancement of the anterior thecal sac and nerve roots.

Neurophysiology
EEG was abnormal in 4 of 6 patients with encephalopathy
(generalized diffuse delta slowing in all, with superimposed electrographic seizures in 2), Table 1. EMG
revealed lumbosacral polyradiculoneuropathy (2), axonal
sensorimotor neuropathy (2), and multifocal motor neuropathy with conduction block (1). Two patients evaluated at Mayo Clinic had spinal cord localizing slowing of
central proprioceptive pathways on somatosensory-evoked
potentials (both had MRI T2 cord lesions). Electrophysiological testing in Patient 38 (Table 3, with hearing loss,
right face pain, and diffuse truncal and limb pain)
revealed right sensorineural hearing loss by audiogram,
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Figure 2. MRI brain findings. Images are all axial T2 FLAIR except: last panel right, top row (T1 sagittal); second-to-last and last right panels, 2nd
row, and last panel, right, 3rd row (T1 axial postgadolinium). Clinical localization-related hazy-appearing T2 white matter hyperintensities were
observed in deep white matter of cerebral hemispheres in patients 2, 3, 12, 14, 19, 20, 23, and 34 (Tables 1 & 3), and pontine white matter in
patients 20 and 34. Patient 14 also had postgadolinium enhancement (linear radial, left; and leptomeningeal, right [GFAP-IgG negative]). Patient
28 had cerebellar atrophy at follow-up. Patient 34 also had enhancement of the left facial nerve (arrow).

absent right blink response, slowing of central proprioceptive, and sensorimotor axonal neuropathy on EMG.
All 13 patients evaluated at Mayo Clinic had normal
metabolic laboratory test results including vitamin B12,
methylmalonic acid, and folate.

Oncological and immunological findings
In total, 30 patients (73%) had ≥ 1 documented risk factor for neurological autoimmunity: contemporaneous
cancer (paraneoplastic), 22; contemporaneous preceding
respiratory infection (post-infectious), 5; checkpoint inhibitor cancer immunotherapy, 4; coexisting autoimmune
disease, 5; and long-standing HIV, 2, (Tables 1–3).

Contemporaneous cancer diagnoses (within 24 months
of neurological symptom onset) were made in 22 patients
(54%), and 13 after onset of neurological symptoms.
These cancers were as follows: carcinoma of neuroendocrine lineage (12: SCLC, 6; Merkel cell, 5; pancreatic,
1), adenocarcinomas, (3: lung, 2; metastatic prostate, 1),
systemic lymphoma (3: non-Hodgkin, 2; Hodgkin, 1),
hepatocellular carcinoma, 2; papillary cell renal carcinoma, 1; and leiomyosarcoma, 1.
NF-L-IgG was detected in 11 of 12 patients with neuroendocrine-lineage carcinomas, and in 8 of 29 other
patients (P = 0.0005), Fisher Exact Test, Tables 1–3. Individual NIF-IgGs served to confirm the overall diagnosis,
but were not otherwise predictive of neurological
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Figure 3. MRI spine and nerve findings. MRI spine, sagittal, top row; axial, bottom row, except right-most column, which are all axial T2 images.
Lumbosacral spine, T1 postgadolinium images in patients 16 (asymptomatic EMG-documented lumbosacral polyradiculoneuropathy and
encephalopathy [Figure 2]) and 40 (symptomatic lumbosacral polyradiculoneuropathy) reveal enhancement of anterior thecal sac (top, arrow
heads) and nerve roots (bottom). Patients 20, 34, and 35 with myelopathy had dorsal cord white matter predominant longitudinally extensive T2
hyperintensities, hazy-appearing in patients 20 and 34, with cord expansion and enhancement in patient 35. Axial cord images reveal T2
hyperintensities and T1 postgadolinium to be white matter tract predominant. Patient 38 with myeloneuropathy had T2 hyperintensity of rightsided white matter tract in the thoracic cord (top), T2 signal change and enlargement of lumbosacral nerve roots (middle top), and T2
hyperintensity of bilateral femoral nerves (right-side demonstrated, middle bottom, arrow head). Patient 12 with encephalopathy (Figure 2) and
bilateral shoulder pain had T2 hyperintensity of the brachial plexus (bottom, circled).

phenotype or cancer (P > 0.05). All three patients with
lymphoma had NF-H-IgG positivity only. The cancer
control cohort of 15494 patients revealed 478 had small
cell carcinoma or other neuroendocrine-lineage carcinoma
(3.1%), and 432 had lymphoma (2.8%). Neuroendocrine
lineage carcinomas were more common among the NIFIgG cohort (12/40, 30%) than the control group (chisquare, 86.4, P < 0.0001); no statistical difference was
observed for lymphoma (chi-squared, 1.52, P = 0.185).
Five further patients developed neurological symptoms
during recovery from systemic infections; ehrlichosis in 3
and undocumented pathogen in 2. Patient 16, evaluated
in detail at Mayo Clinic (Table 1) developed diffuse body
pain and neck ache, followed by encephalopathy and
inflammatory CSF, 2 weeks after a tick bite. She had laboratory findings typical of systemic ehrlichosis, without
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evidence of CNS disease. She had elevated ALT (236 U/L,
normal value, 7-45) and thrombocytopenia (58/lL; normal value, 157-371) on hospital admission; both values
normalized over the course of her 10-day hospitalization.
Ehlichia chaffeensis testing revealed: PCR, serum positive,
CSF negative; IgG, serum positive (1:2048; normal < 1:64), and CSF positive (1:32; normal, <1:2) with
no cross-reactivity detected for other ehrlichia forms,
anaplasmosis, or Lyme disease. She was treated with
doxycycline for 3 weeks. Her encephalopathy gradually
resolved to near normal over the course of 8 weeks, without further intervention. Ehrlichia chaffeensis IgG testing
was undertaken in a further 10 patients with available
serum (6 with cancer, 4 without), all were negative.
Among the 9 patients who developed cancer prior to
neurological symptom onset, 4 had been treated with
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immune checkpoint inhibitors (pembrolizumab, 3; ipilimumab and nivolumab, 1). These four patients were
being treated for Merkel cell carcinoma (3) or lung adenocarcinoma (1). Coexisting medical disorders indicative
of background immune dysregulation prior to neurological symptom onset were present in 7 patients (rheumatoid arthritis, 3; HIV, 2 [1 with CD4 count > 400; 1
noncompliant with antiretroviral medication]; pernicious
anemia, 1; autoimmune thyroiditis, 1; membranous
glomerulonephritis, 1).

Additional CSF findings
Routine CSF data were available in 28 patients (74%,
Tables 1–3), and was inflammatory (at least one of white
cell count or oligoclonal bands elevated) in 21 of those
(75%). CSF protein was elevated in all patients tested
(median value, 71 mg/dL [range, 41–150 mg/dL; normal,
≤35]). White cell count was elevated in 20 patients (71%:
median value, 16/lL [range, 8-199; normal, ≤ 5]), all lymphocyte predominant. CSF-exclusive supernumerary
oligoclonal band numbers were elevated in 14 patients
(50%: median value, 5 [range, 4–9; normal, <4]). Two of
those 14 patients had elevated IgG index in addition.

Coexisting IgG antibodies
Six patients, including five with cancer (neuroendocrinelineage, 4), had coexisting IgGs detected; 2 in CSF, and 4 in
serum (15%), Tables 1 and 2. In CSF, one patient each had
either NMDA-R-IgG (a woman in her 40s with typical
anti-NMDA-R encephalitis phenotype, and accompanying
small cell carcinoma) or GFAP-IgG (typical autoimmune
GFAP astrocytopathy phenotype without cancer). In
serum, one patient with Merkel cell carcinoma had coexisting CRMP-5-IgG (1:15360; normal, ≤240; typical CRMP-5
ophthalmitis, in addition to encephalopathy). The remaining three patients had ataxia in the context of high-titer
GAD65-IgG (397 nmol/L; normal, ≤0.02), ANNA-3
(1:3840; normal, ≤240), or Zic4 antibody; all had cancer.

NF-L protein values
CSF NF-L protein values were higher among patients with
NF-L-IgG (median, 6718 ng/L; range, 165-10000) in comparison to age-matched controls with MS at onset (median, 940 ng/L; range, 426-8166) and NPH (median,
959 ng/L; range, 734–9929), Figure 4.

Treatment and outcome
Median duration of follow-up was 9 months (range, 1–
36). Treatment or outcome data were available for 31

Neuronal Intermediate Filament Autoimmunity

patients (Table 4). Nineteen patients received ≥ 1 neurological symptom-directed immune therapy in diverse
combinations (≥1 of corticosteroids [15], rituximab [7],
IVIg [4], plasma exchange [3], cyclophosphamide [2],
cancer chemotherapy [2], and azathioprine [1]). Of those
19 patients, 13 (77%) responded neurologically (improvement, 8 or complete remission 5), 1 did not improve,
and 4 worsened. Of 12 patients who had no neurological
attack-related treatment (including Patient 23 who had a
subsequent attack treated), 6 had spontaneous improvement, and 6 worsened. Seven patients were reported to
have died, including 3 who died from cancer and 4 who
died from progression of neurological disease (3 of those
4 were untreated). Of those 11 who worsened or died, 4
had cancer, 3 had a background of infection (none with
ehrlichosis), and 4 had no etiology established (Table 4).
Three of four who developed neurological symptoms in
the context of checkpoint inhibitor cancer treatment
responded to immunotherapy, and one died.

Discussion
CSF-detected NIF autoimmunity unifies patients with
subacute onset, treatable inflammatory neurological disorders, usually affecting the CNS, with a paraneoplastic
cause in over half, and other documented contemporary
immunological perturbation in another fifth. Autoimmune encephalopathy and ataxia-predominant brainstem
disorders were most common, and the remainder had
myelopathy or inflammatory polyradiculoneuropathy (including 1 patient with the established autoimmune phenotype, multifocal motor neuropathy). This is distinct
from the broader profile of phenotypes encountered in
patients referred to our laboratory, and have autoimmune
diagnoses, exemplified by the control group (which also
included neuromyelitis optica, transverse myelitis, and
stiff-person syndrome). The NIF-IgG profiles by cellbased assay (one or more of aIN-, NF-L-, NF-H-IgGs)
provided confirmation of NIF specificity and prediction
of cancer type (small cell or Merkel cell when NF-L-IgG
was detected), although not specific neurological phenotypes. NIFs are cytoplasmic proteins, and thus, the antibodies are likely nonpathogenic biomarkers of NIFdirected T-cell effectors.
In keeping with the diffuse localization of NIF antigens,
one quarter had overlapping neurological phenotypes,
previously observed in patients with autoimmunity targeting GFAP, the astrocyte abundant intermediate filament.5
White matter-predominant radiological findings and electrophysiological abnormalities (EEG, audiology blink
reflexes, SSEPs, EMG) from 13 patients studied in detail
at Mayo Clinic support the concept of a continuum of
dysfunction, sometimes spanning both central and
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Figure 4. CSF NF-L protein concentration comparison between patients with NF-L-IgG and controls. Higher NF-L values indicative of more
pronounced axonal damage were detected in the CSF of patients with NF-L-IgG in comparison with age-matched MS cases and patients with
NPH included as controls.

peripheral nervous systems. Some findings, such as abnormal white matter on MRI and reduced nerve conduction
amplitudes, support the concept of axonal dysfunction in
the context of NIF-directed autoimmunity. Although the
NIF autoimmune neurological presentations were not
uniform, they were distinct from the profile of cases generally referred to our laboratory for CSF evaluation, 80%
of whom had neurological autoimmunity as initial differential diagnostic consideration, but ultimately proved to
have other diagnoses.
Radiological abnormalities, on a case-by-case basis,
were often hazy appearing mostly without postgadolinium
enhancement. These abnormalities of white matter in
cerebral hemispheres, pons, cerebellum, and spinal cord,
and nerve roots and peripheral nerves, correlated with the
neurological localization, although did not have specifying
features. The expression of all three proteins studied (NFH, NF-L, and aIN) is abundant in the pons and brainstem as well as the cerebral white matter, cerebellum, and
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to various degrees in the hippocampus, midbrain, spinal
cord (https://www.proteinatlas.org/), and the peripheral
nervous system. There are inter-protein differences in
expression outside the nervous system (https://www.prote
inatlas.org/).6
A paraneoplastic cause was found in just over half of
our patients, which is within the typical 50-80% cancer
detection frequency in classical paraneoplastic neurological disorders.7 Small cell carcinoma and other related
neuroendocrine-lineage carcinomas, including Merkel cell,
were most common, and had a strong association in general with NIF autoimmunity, in particular with NF-LIgG, a protein known to be abundantly expressed in these
tumors.18-10 NF-H-IgG may also have some biological significance in lymphoma, although numbers were small and
any paraneoplastic association was not borne out by statistical analysis, and neoplastic tissue was not available for
further study. All three lymphomas and the one prostate
adenocarcinoma detected were among nine patients (7
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Table 4. Treatments and outcomes

Pt no. Age/Gender

Neurological syndrome, cancer, or other
potential trigger

Treatment (time to treatment,
months)

1.
2.
3.
4.

Encephalopathy, URI
Encephalopathy, SCLC
Encephalopathy
Encephalopathy, Merkel cell

None
Steroids, rituximab, azathioprine (1)
Steroids, IVIg (3)
Steroids, IVIG, Rituximab,
cyclophosphamide (6)
None
None
Steroids
None
Rituximab, steroids (3)

Died
Resolved
Worsened
Improved

Steroids
IVIg, Steroids, Rituximab (4)
None
None
PLEX, steroids, and rituximab
None
None

Improved
Worsened, died
Died**
Spontaneous resolution
Worsened
Spontaneous resolution
Died**

Steroids
Steroids

Resolved
Resolved
Resolved on both occasions

M/77
F/47*
M/52*
F/74*

7. M/41
8. F/66
10. M/55
11. M/47
12. M/63*

23. M/21

Encephalopathy, enterovirus
Encephalopathy, HIV
Encephalopathy
Encephalopathy, ehrlichosis
Encephalopathy, papillary renal cell
carcinoma
Encephalopathy & ataxia, Merkel cell
Encephalopathy
Encephalopathy, hepatocellular carcinoma
Encephalopathy, ehrlichosis
Encephalopathy
Encephalopathy & ataxia, HIV
Encephalopathy & ataxia, pancreas
neuroendocrine
Encephalomyelopathy
Encephalomyelopathy, lung rhabdoid
adenocarcinoma
Encephalomyelopathy

24.
26.
27.
28.

F/81
F/74
M/64
F/74*

Ataxia,
Ataxia,
Ataxia,
Ataxia,

29.
30.
33.
34.

M/65
M/64
M/56
F/61*

Ataxia, Merkel cell carcinoma
Ataxia, SCLC
Spinocerebellar, SCLC
Bulbospinal

Attack 1: None;
Attack 2: steroids (1)
Chemotherapy
Rituximab
IVIg
Steroids, Rituximab,
cyclophosphamide (1)
Steroids, Chemotherapy
Steroids
None
PLEX (5)

35. M/64*
38. M/59*

Myelitis, ehrlichia
Myeloneuropathy

Steroids, PLEX (1)
IVIg, rituximab (36)

39. F/43
40. M/65*

Lumbosacral polyradiculoneuropathy
Lumbosacral polyradiculoneuropathy, NHL

None
None

13.
14.
15.
16.
17.
18.
19.

F/75
F/60*
M/79
F/73*
M/69
F/43
M/88*

21. F/48*
22. M/57

Hodgkin lymphoma
Merkel cell
SCLC
Merkel cell

Outcome

Died
Died
Improved
Spontaneous improvement
Resolved

Improved
Worsened, died**
Improved
Improved, but profound disability
(walker or wheelchair)
Improved
Improved
Spontaneous improvement
No response to PLEX. Fluctuating
course, PEG dependent
Resolved
Worsened. Progression of symptoms
from lower to upper extremities
Spontaneous improvement
Worsened

F, female; IVIg, intravenous immunoglobulin; M, male; NHL, non-Hodgkin lymphoma; PLEX, plasma exchange; Pt no., patient number; URI, upper
respiratory tract infection; SCLC, small cell carcinoma.
*Evaluated at Mayo Clinic.
**Died from cancer.

men) positive for NF-H-IgG only. NF-H protein is abundant in male prostate, female ovary, colon, adipose and
soft tissue, monocytes and T cells, and is also known to
be expressed in different cancers, including some identified in this cohort (neuroendocrine carcinoma [Merkel,
pancreatic, SCLC], and prostate adenocarcinoma)
(https://www.proteinatlas.org/).1,8,9,11
We previously reported a patient with paraneoplastic
cerebellar ataxia in the setting of Merkel cell carcinoma,

whose NIF-IgG profile (aIN, NF-L, NF-M, and NF-H, but
not peripherin) matched the NIF protein expression profile
in her biopsied neoplasm.1 These observations support an
onconeural antigen-driven immune response in the paraneoplastic NIF cases. While the etiology (in some) and the
pathophysiology (in all) of NIF autoimmunity remain to
be elucidated, the rarity of detection of NIF-IgGs in our reference laboratory (41 cases in 24 years) argues against them
being epiphenomenal byproducts of neurodegeneration.
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The concept of NIFs as specific immunological targets is
also supported by the higher levels of NF-L protein in CSF
of affected patients than NPH or MS controls.
The paraneoplastic patients and several others had
other underlying immunologic perturbations that may
have predisposed patients to developing neurological
autoimmunity (viz., infection [acute ehrlichosis or
chronic HIV], T-cell regulation-inhibiting monoclonal
cancer therapies, and preexisting autoimmune diseases).
HIV infection is a predisposition for autoimmunity to
develop. The pathophysiology of parainfectious NIF
autoimmunity is otherwise unknown. In the cases of cancer immunotherapy, the neurological syndrome was recognizable as it arose after cancer diagnosis, and was timelocked to treatment. Neurological symptoms in the context of these therapies should raise suspicion for an
autoimmune cause and broad cancer-specific neural
autoantibody profiles may assist diagnosis.12
CSF positivity was required for both sensitivity and
specificity of NIF-IgG testing. Cases were carefully ascertained, utilizing strict immunohistochemical criteria and
confirmation by a trio of cell-based assays in CSF only.
CSF analytical control specimens, as required by U.S. federal regulations of clinical laboratories, were also assessed
and were universally negative by both assays, confirming
our previous findings of the high specificity of these
biomarkers in CSF for neurological autoimmunity. In
contrast, serum positivity was only detected in 26% of
our CSF-positive cases (insensitive), and was always
accompanied by a nonautoimmune diagnosis in those
who were CSF negative (nonspecific), as also previously
reported for GFAP-IgG and NMDAR-IgG.5,13-15 We also
previously demonstrated the even lower clinical specificity
of NIF-IgG testing (93%) when undertaken in serum
using a single molecular protein assay alone, such as western blot or cell-based assay.1
Various immune therapies, administered either alone or
in diverse combinations, were utilized. Three quarters of
those treated were reported to have had neurological
improvements. Among those untreated, some improved
spontaneously, while others died from cancer complications.
However, others again without cancer who remained
untreated died from neurological disease, highlighting the
importance of early immune therapy initiation in autoimmune neurological disorders generally. It was notable that all
three patients with encephalopathy or myelopathy had full
recoveries, either spontaneously or after immune therapies.
Limitations of this study include some missing data
from a few of the non-Mayo Clinic cases, and the retrospective nature of data collection. NIF autoimmune cases
appear to be rare, thus far, although we encountered
almost half of our 25-year experience since 2018, possibly
attributable to a general increase in CSF testing request
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numbers, and improved NIF-IgG IFA pattern recognition
by technologists at assay screening. At present, we encounter approximately two cases per month in our laboratory,
as compared to 4 cases per week of anti-NMDA-R
encephalitis. Because all three patients we had encountered
with serum positivity where CSF was negative had non-autoimmune diagnoses, we also excluded another 77 historical patients for whom only serum was available to study.
NIF autoimmunity should be included in the differential diagnosis for neurological autoimmunity. Imaging
and neurophysiology confirms an array of unifocal or
multifocal neurological dysfunction spanning both central
and peripheral nervous systems. Cancer search should be
broad, although type may be predicted by IgG profile
(NF-L-IgG small cell carcinoma). A possible NF-H-IgG
association with other cancer types needs further study.
Other immunological perturbations should be considered
as potential precipitating factors (post-acute infection,
HIV, or checkpoint-inhibiting cancer therapeutics).
Although some patients die from cancer, the neurological
disorders are treatable, more often than not. Diagnosis
requires detection of 1 of 2 distinct patterns of IgG staining of neuronal intermediate filaments by indirect
immunofluorescence assay of patient CSF, and confirmation by a trio of NIF-specific cell-based assays, also in
CSF. Serum testing lacks sensitivity and specificity.
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Cerebrospinal fluid α-synuclein predicts
neurodegeneration and clinical progression
in non-demented elders
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Abstract
Background: Accumulating reports have suggested that α-synuclein is involved in the pathogenesis of Alzheimer’s
disease (AD). As the cerebrospinal fluid (CSF) α-synuclein has been suggested as a potential biomarker of AD, this
study was set out to test whether CSF α-synuclein is associated with other AD biomarkers and could predict
neurodegeneration and clinical progression in non-demented elders.
Methods: The associations between CSF α-synuclein and other AD biomarkers were investigated at baseline in
non-demented Chinese elders. The predictive values of CSF α-synuclein for longitudinal neuroimaging change and
the conversion risk of non-demented elders were assessed using linear mixed effects models and multivariate Cox
proportional hazard models, respectively, in the Alzheimer’s disease Neuroimaging Initiative (ADNI) database.
Results: The CSF α-synuclein levels correlated with AD-specific biomarkers, CSF total tau and phosphorylated tau
levels, in 651 Chinese Han participants (training set). These positive correlations were replicated in the ADNI
database (validation set). Using a longitudinal cohort from ADNI, the CSF α-synuclein concentrations were found to
increase with disease severity. The CSF α-synuclein had high diagnostic accuracy for AD based on the “ATN”
(amyloid, tau, neurodegeneration) system (A + T+ versus A − T − control) (area under the receiver operating
characteristic curve, 0.84). Moreover, CSF α-synuclein predicted longitudinal hippocampus atrophy and conversion
from MCI to AD dementia.
Conclusions: CSF α-synuclein is associated with CSF tau levels and could predict neurodegeneration and clinical
progression in non-demented elders. This finding indicates that CSF α-synuclein is a potentially useful early
biomarker for AD.
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Background
Alzheimer’s disease (AD) is the leading cause of dementia
in the elderly and is clinically characterized by a gradual decline in memory and other cognitive functions. However,
less than half of the patients with dementia have received a
formal diagnosis in Europe and the USA [1]. The pathological change of AD can precede the onset of clinical
symptoms by 20 years. Biomarker research has made it possible to identify people at the high risk of developing dementia in the general population, even at the preclinical
stage [2, 3]. According to the newly published “ATN”
scheme, various biomarkers can be divided into three binary components: (i) biomarkers of β-amyloid (Aβ) plaques
or associated pathophysiologic processes labeled as “A”; (ii)
biomarkers of aggregated pathologic tau or associated pathophysiologic processes labeled as “T”; and (iii) biomarkers
of neurodegeneration or neuronal injury labeled as “N” [4].
Besides the biomarkers mentioned above, additional novel
biomarkers that reflect other disease mechanisms may provide insights into the different mechanisms of AD pathogenesis and assist in identifying novel therapeutic targets in
the future. This was echoed by the 2018 NIA-AA research
framework that “ATN” can be expanded to incorporate
other proteinopathies that are also involved in AD pathogenesis or frequently co-occur with AD pathologic changes
[5–7]. This provided a multidimensional approach to diagnosing dementia and for better clinical stratification of patients for therapeutic trials [8, 9].
α-Synuclein is best known for its roles in Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB), and
has also been reported to be implicated in AD pathogenesis [10]. Patients with AD and concomitant α-synuclein
pathology typically have a more rapid rate of cognitive
decline than those with AD alone [11, 12]. α-Synuclein
is generally considered as a pre-synaptic protein, which
can also be found in human cerebrospinal fluid (CSF)
[13, 14]. Many studies have reported differences in the
CSF α-synuclein levels between PD and control [15–17]
as well as the diagnostic differentiation of different neurodegenerative diseases [18, 19]. However, the potential
role of CSF α-synuclein as a biomarker for the presymptomatic phase of AD remains unclear.
In this study, we explored the associations between
CSF α-synuclein and other AD biomarkers in the nondemented Chinese elderly. We also tested whether CSF
α-synuclein was altered in patients with AD and with
different pathophysiological profiles of AD based on the
“ATN” classifications, and its associations with other AD
biomarkers, cognitive decline and imaging evidence of
neurodegeneration in the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database. The value of CSF αsynuclein as a predictor of disease progression and neurodegeneration at the presymptomatic stage of AD was
also investigated.
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Methods
Study participants

Six hundred and fifty-one non-demented participants
were from the Chinese Alzheimer’s Biomarker and Lifestyle (CABLE) study. The CABLE is a large-cohort study
mainly focusing on Alzheimer’s risk factors and biomarkers in Chinese elderly adults. The participants in
the CABLE study were recruited at Qingdao Municipal
Hospital, consisting of cognitively normal (CN) and mild
cognitive impairment (MCI) individuals. All participants
were Han Chinese in origin and aged 50–90 years. The
controls had Mini-Mental State Examination (MMSE)
scores of 24 or higher, with lower scores indicating more
impairment and higher scores less impairment (range,
0–30), and a Clinical Dementia Rating (CDR) score of 0,
where lower scores indicate less impairment and higher
scores more impairment (range, 0–3). The patients with
MCI had MMSE scores of 24 or higher, an objective
memory loss tested by delayed recall of the Wechsler
Memory Scale (WMS) logical memory II (> 1 SD below
the normal mean), a CDR score of 0.5, preserved activities of daily living, and absence of dementia. The exclusion criteria were: (1) central nervous system infection,
head trauma, epilepsy, multiple sclerosis or other major
neurological disorders; (2) major psychological disorders
(e.g., depression); (3) severe systemic diseases (e.g., malignant tumors) that may affect CSF or blood levels of
AD biomarkers including Aβ and tau; and (4) family history of genetic disease. All participants underwent clinical and neuropsychological assessments, biochemical
testing, as well as blood and CSF sample collection.
Demographic information, AD risk factor profile and
medical history were also collected by a comprehensive
questionnaire and an electronic medical record system.
Data were obtained from the ADNI database (adni.
loni.usc.edu), an independent replication cohort. The
ADNI was launched in 2003 as a public-private partnership under the leadership by Michael W. Weiner, MD,
with a primary goal to test whether magnetic resonance
imaging (MRI), positron emission tomography (PET),
biological markers, as well as clinical and neuropsychological assessment can be combined to measure the progression of MCI and early AD. For up-to-date
information, see www.adni-info.org.
Our ADNI cohort included all the CN controls, MCI
patients and AD patients with available baseline samples
for CSF α-synuclein. The inclusion/exclusion criteria are
described at http://www.adni-info.org. In our study, we
stratified the MCI group into stable MCI (sMCI) with
no progression to AD dementia during at least 2-year
follow-up, and progressive MCI (pMCI) with progression to AD dementia during at least 2-year follow-up. As
a result, totally 4 groups were included: CN control,
sMCI group, pMCI group and AD group. As to the
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“ATN” binary (i.e., positive or negative) categories, amyloid positive (A+) and negative (A-) were separated by a
cutoff value of 192 pg/ml for CSF Aβ level; Tau pathology positive (T+) and negative (T-) were separated by
a cutoff value of 23 pg/ml for CSF phosphorylated tau
(p-tau) level.
The CABLE study was approved by the Institutional
Ethics Committee of Qingdao Municipal Hospital. Written informed consent was obtained from all study participants directly or from their guardians. The ADNI study
was approved by the Institutional Review Board at each
of the participating centers, and all participants provided
written informed consent.

CSF/plasma biomarker measurements

CSF was collected by lumbar puncture through the L3/
L4 interspace and gently mixed to avoid gradient effects.
The samples were then centrifuged at 2000 g for 10 min
to remove cells and other insoluble materials, stored in
1-ml aliquots at − 80°C until use for Aβ and tau analysis.
CSF was sampled between 08:00 and 09:00 in the morning taking into account the possible circadian rhythm
effect.
In the CABLE study, the concentrations of CSF Aβ42,
total tau (t-tau), p-tau and CSF total α-synuclein were
measured separately using an enzyme-linked immunosorbent assay (ELISA) kit (LEGEND MAX™ Human αSynuclein ELISA Kit with pre-coated plate, Catalog No:
844101), according to the manufacturer’s instructions.
The samples and standards were measured in duplicate
to generate an average value for the statistical analyses.
In the ADNI database, CSF Aβ42, t-tau and p-tau were
measured at the ADNI biomarker core (University of
Pennsylvania) using the multiplex xMAP Luminex platform (Luminex Corp, Austin, TX, USA) with the INNOBIA AlzBio3 kit (Fujirebio, Ghent, Belgium). The CSF
neurofilament light chain (NFL) concentrations were
measured using a commercial ELISA kit (Uman Diagnostics). The plasma NFL concentrations were measured
using an NFL kit (NF-light; Uman Diagnostics), transferred onto the ultrasensitive single-molecule array
platform using a home brew kit (Simoa Homebrew
Assay Development Kit; Quanterix Corporation). The
levels of CSF total α-synuclein concentrations in the
ADNI cohort were measured by the Luminex MicroPlex Microspheres (Luminex Corp, Austin, TX), using
the biotinylated goat anti-human α-syn antibody
(R&D systems, Minneapolis, MN) as the detection
antibody. The α-synuclein Luminex assay demonstrated a low day-to-day and plate-to-plate signal variety. The accuracy of the assay was further
determined by the recovery of spiked α-synuclein protein, which was close to 93%.
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Neuroimaging

Structural MRI was performed only in the ADNI participants using a Siemens Trio 3.0 T scanner or Vision 1.5 T
scanner (GE, Siemens and Philips). The regional volume
estimates for the 1.5 and 3.0 T MRI images were processed with the Free-surfer software package version 4.3
and 5.1 image processing frameworks, respectively. The
hippocampus and ventricles were selected as the regions
of interest.

Statistical analyses

The associations between CSF α-synuclein and demographic factors were analyzed with the Mann-Whitney
test and the Spearman rank correlation test. The associations of CSF α-synuclein with CSF Aβ42, t-tau, and ptau levels were analyzed with the linear regression after
adjustment for age, gender, educational level, diagnosis
and APOE ε4 genotype (with CSF α-synuclein as a predictor). In the ADNI database, associations between CSF
α-synuclein concentrations and the diagnostic groups
were tested in an analysis of covariance model adjusted
for age, gender, educational level and APOE ε4 genotype.
The effect of different CSF analytes on the risk of conversion to AD was assessed with the logistic regression
analysis. The receiver-operator curves and the area
under the curves were derived from the predictive probabilities of the logistic regression models. We tested the
associations of CSF α-synuclein concentrations with longitudinal cognition and brain structure using the linear
mixed-effects models. These models had random intercepts and slopes for time and an unstructured covariance matrix for the random effects and included the
interaction between (continuous) time and CSF αsynuclein as predictor with adjustment for confounders.
All tests were 2-sided. Statistical significance was set at
P < 0.05. All regression analyses were corrected for age,
gender, educational level, diagnosis, and APOE ε4 genotype. The following variables were natural logtransformed to ensure normality: CSF α-synuclein, ptau, t-tau, and Aβ levels, and hippocampus volume. All
statistical analyses were performed using R version 3.4.0
(R Foundation).

Results
Characteristics of participants in the CABLE study

We included 651 non-demented elders from the CABLE
study, consisting of 457 CN controls (238 females,
60.54 ± 10.46 years) and 194 MCI patients (109 females,
63.6 ± 9.72 years) (Table 1). The CN individuals were significantly younger and more educated, and had significantly lower levels of CSF p-tau and t-tau, compared to
the MCI participants.
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Table 1 Demographics of the study population in CABLE a
CN (n = 457)

MCI (n = 194)

AGE, mean (SD), years

60.93 (10.55)

65.44 (10.01)

P value
< 0.001

Female, n (%)

269 (58.9)

109 (56.2)

0.59

APOE ε4 genotype carriers, n (%)

69 (15.1)

35 (18.0)

0.41

Education, mean (SD), years

10.38 (6.12)

8.56 (4.23)

< 0.001

CSF α-synuclein, mean (SD), ng/l

1466.73 (813.99)

1501.19 (914.13)

0.61

CSF p-tau, mean (SD), ng/l

38.11 (9.69)

40.04 (12.42)

0.03

CSF t-tau, mean (SD), ng/l

173.3 (77.96)

191.02 (122.57)

0.03

CSF Aβ42, mean (SD), ng/l

160.01 (91.51)

162.10 (105.53)

0.81

Aβ β-amyloid, CN Cognitively normal, CSF Cerebrospinal fluid, MCI Mild cognitive impairment, MMSE Mini-Mental State Examination, p-tau Phosphorylated tau, ttau Total tau.
a
P values from the Kruskal-Wallis test or Fisher exact test

MMSE scores compared with the MCI patients and CN
controls (P < 0.01).

CSF α-synuclein and established AD biomarkers in the
CABLE study

In the CABLE study, we examined the concentrations of
CSF α-synuclein and other established AD biomarkers
(CSF Aβ, p-tau and t-tau) and tested their relationships
(Table 2). We found that the level of CSF α-synuclein
was positively associated with the CSF t-tau (β = 0.56,
P < 0.001) and p-tau (β = 0.35, P < 0.001) among the nondemented participants. However, there was no association between CSF α-synuclein and CSF Aβ level at
baseline. In addition, the same associations were found
in the CN group and the MCI group (Table 2).

Characteristics of participants in ADNI

Three hundred and eighty-two subjects from the ADNI
database were included (Table 3). This cohort consisted
of 109 CN controls (54 females, 75.63 ± 5.22 years), 117
sMCI patients (37 females, 74.34 ± 7.60 years), 66 pMCI
patients (25 females, 74.21 ± 7.58 years) and 90 AD patients (39 females, 74.89 ± 7.72 years). According to the
new “ATN” scheme, 258 A+ (220 A + T+) patients and
124 A- (96 A-T-) controls were included. As expected,
the AD group had the highest frequency of the APOE ε4
allele (69.23%) and the CN group had the lowest frequency (23.85%). There was no significant difference in
the educational level (P = 0.16) or age (P = 0.53) among
these four groups. Furthermore, AD patients had lower

CSF α-synuclein and established AD biomarkers in ADNI

In the ADNI database, we found that the high CSF αsynuclein levels were associated with the high CSF t-tau
(β = 0.27, P < 0.001) and p-tau (β = 0.36, P < 0.001) in the
whole cohort. However, there was no association between CSF α-synuclein and CSF Aβ level at baseline.
The same results were obtained in the MCI group (CSF
t-tau: β = 0.29, P < 0.001, CSF p-tau: β = 0.33, P < 0.001)
and CN controls (CSF t-tau: β = 0.2, P < 0.001, CSF ptau: β = 0.32, P < 0.001). In addition, the CSF α-synuclein
concentration was associated with CSF NFL concentration in non-demented elders (β = 0.12, P < 0.001). However, there was no association between CSF α-synuclein
and plasma NFL (Table 4, Fig. S1).
CSF α-synuclein in different diagnostic groups in ADNI

The level of CSF α-synuclein showed a trend of increase
with the progression of disease stage. The CSF αsynuclein concentration was significantly higher in the
AD and pMCI groups than in the CN controls (P <
0.0001 and P < 0.001, respectively) and the sMCI group
(P = 0.02 and P = 0.04, respectively) (Fig. 1a). In addition,
the A+ AD group had higher CSF α-synuclein levels
than the A- controls (P < 0.001), A+ controls (P < 0.001),
and A- MCI group (P < 0.001) (Fig. 1b). The A+ MCI

Table 2 Correlations between CSF α-synuclein and other biochemical markers in CABLE a
All participants

CN

MCI

β coefficient

P value

β coefficient

P value

β coefficient

P value

CSF t-tau

0.56

< 0.001

0.38

< 0.001

0.67

< 0.001

CSF p-tau

0.35

< 0.001

0.27

< 0.001

0.40

< 0.001

CSF Aβ42

−0.02

0.97

−0.01

0.82

−0.07

0.69

Aβ β-amyloid, CABLE Chinese Alzheimer’s Biomarker and Lifestyle, CN Cognitively normal, CSF Cerebrospinal fluid, MCI Mild cognitive impairment, p-tau
Phosphorylated tau, t-tau Total tau.
a
Data are β coefficients (with P values) from linear regression models for correlations between CSF α-synuclein and other biomarkers, adjusted for age, gender,
educational level and APOE ε4 genotype. Models were tested in the whole cohort and in individual diagnostic groups
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Table 3 Demographics of the study population in ADNI
CN (n = 109)

sMCI (n = 117)

pMCI (n = 66)

AD (n = 90)

Age, mean (SD), years

75.63 (5.22)

74.34 (7.60)

74.21 (7.58)

74.89 (7.72)

Female, n (%)

54 (49.54)

37 (31.62)

25 (36.76)

39 (44.32)

APOE ε4 genotype carriers, n (%)

26 (23.85)

55 (47.00)

42 (61.76)

63 (69.23)

CSF α-synuclein, mean (SD), ng/L

0.46 (0.17)

0.54 (0.22)

0.56 (0.20)

0.61 (0.24)

MMSE score, mean (SD)

29.07 (1.05)

27.15 (1.64)

26.58 (1.77)

23.39 (1.80)

CSF Aβ42, mean (SD), ng/L

208.70 (52.36)

174.69 (55.28)

148.75 (41.52)

143.99 (38.31)

CSF t-tau, mean (SD), ng/L

69.08 (29.85)

97.31 (64.77)

112.00 (41.52)

122.83 (57.09)

CSF p-tau, mean (SD), ng/L

25.04 (13.93)

32.76 (18.31)

39.50 (17.18)

41.48 (19.73)

6648.16 (766.59)

5964.07 (986.76)

5522.46 (1044.15)

5217.39 (1043.40)

3

Hippocampus volume, mm

Abbreviations: Aβ β-amyloid, AD Alzheimer disease dementia, CN Cognitively normal, CSF Cerebrospinal fluid, sMCI Stable mild cognitive impairment, pMCI
Progressive mild cognitive impairment, MMSE Mini-Mental State Examination, p-tau Phosphorylated tau, t-tau Total tau

had higher CSF α-synuclein levels than the A- controls
(P < 0.01), A+ controls (P < 0.01), and the A- MCI group
(P = 0.02). The CSF α-synuclein level was also significantly different between the A + T+ group and the A-Tgroup (P < 0.0001) (Fig. 1c).
We generated receiver-operating curves based on
the logistic regression models adjusted for age at
baseline, gender, educational level and APOE ε4
genotype to assess the predictive value of CSF αsynuclein alone and in combination with other
established AD biomarkers for the risk of conversion
to AD. The area under the curve (AUC) of the baseline model containing CSF α-synuclein, age at baseline, gender, educational level and APOE ε4 genotype
was 0.76 in predicting the onset of AD among the
CN controls, and the AUC was further increased by
the inclusion of CSF tau/Aβ ratio (AUC = 0.88) (Fig.
S2). As expected, the baseline model showed a similar predicting value for the onset of pMCI among
the CN controls (Fig. S3). In the A- group, this

baseline model showed a good predictive value for
the risk of conversion to A+ status (AUC = 0.77),
and inclusion of CSF t-tau (AUC = 0.88) and p-tau
(AUC = 0.92) further enhanced this predictive value
(Fig. S4). Furthermore, the baseline model performed
best when the participants were grouped by Aβ
deposition and pathology (AUC = 0.84). We also detected that CSF α-synuclein added value for diagnosis prediction (Fig. S5).
CSF α-synuclein, longitudinal neuroimaging change and
progression in ADNI

Next, the linear mixed-effects models were utilized to
test the associations between baseline CSF α-synuclein
concentration and subsequent disease progression, after
adjustment for age, gender, educational level, diagnosis,
and APOE ε4 genotype. The baseline CSF α-synuclein
concentration was found to be significantly associated
with the hippocampal volume (β = − 0.008, P = 0.001 longitudinally) (Table 4, Fig. 2 (left)).

Table 4 Modelling the association of CSF biomarkers on AD biomarkers and clinical outcomes in ADNIa
All Participants

MCI

CN

Cross-sectional (MR)

β coefficient

P value

β coefficient

P value

β coefficient

P value

CSF t-tau

0.27

< 0.001

0.29

< 0.001

0.20

< 0.001

CSF p-tau

0.36

< 0.001

0.33

< 0.001

0.32

< 0.001

CSF Aβ42

−0.03

0.33

−0.04

0.32

0.006

0.86

CSF NFL

0.12

< 0.001

0.11

0.04

0.03

0.45

Plasma NFL

0.04

0.27

0.02

0.73

−0.04

0.53

−0.008

0.001

−0.007

0.04

−0.003

0.17

0.005

0.36

0.003

0.43

Longitudinal (MELM)
Hippocampus
Ventricles
Cox (Hazard ratio)
MCI-to-AD dementia conversion

0.006

0.13

Statistic

P value

1.53 (1.15–2.0)

0.004

Abbreviations: CN Cognitively normal, CSF Cerebrospinal fluid, MCI Mild cognitive impairment, p-tau Phosphorylated tau, t-tau Total tau, Cox Cox proportional
hazards model, MELM Mixed effects linear model, MR Multiple regression
a
All models were adjusted for age, gender, educational level, APOE ε4 genotype and intracranial volume (for MRI only). Models were tested in the whole cohort
and in individual diagnostic groups
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Fig. 1 Scatter plots of cerebrospinal fluid α-synuclein concentrations in the diagnostic groups. The colors of the scatterplots are grouped by
different diagnostic groups. The three horizontal black lines in each boxplot indicate the median and interquartile range. The whiskers extend to
the minimum and maximum CSF α-synuclein data points. a CSF α-synuclein concentration in the diagnostic groups. b CSF α-synuclein
concentration in the diagnostic groups stratified by Aβ pathology. c CSF α-synuclein concentration in the AD pathophysiology (tau and amyloidβ) positive and negative subgroups. A-, Aβ negative; A+, Aβ positive; T-, tau negative; T+, tau positive

Figure 2 (right) presents the results of Kaplan-Meier
analysis. The cox proportional hazards model was
developed to estimate the predictive value of CSF αsynuclein for the conversion risk from MCI to incidence of AD dementia, after controlling for baseline
age, gender and years of education. MCI individuals
with high CSF α-synuclein levels would satisfy the
diagnostic criteria for AD at a comparatively earlier

interval (hazard ratio 2.79, 95% CI 1.14–6.9, P = 0.03)
(Table 4).

Discussion
In this study, we found that the CSF α-synuclein concentration (1) was associated with CSF t-tau and p-tau
levels among the non-demented elderly adults, (2) was
elevated in the AD dementia group and the Aβ/tau-

Fig. 2 Associations between CSF α-synuclein and longitudinal neuroimaging change in ADNI. Data from linear mixed-effects models (left) and
cox proportional hazards models (right) were adjusted for age, gender, educational level and APOE ε4 genotype. Hippocampal volume on the y
axis was log-transformed to ensure normality. Time (years) on the x axis indicated follow-up years, in which “0” indicating the baseline. All
participants were classified into High and Low groups according to their baseline CSF α-synuclein concentration (High: greater than median; Low:
less than median)
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positive group compared with the control group, and (3)
could predict hippocampal atrophy and the conversion
from MCI to AD dementia. Taken together, these findings suggest that CSF α-synuclein is a very early and
potentially presymptomatic biomarker for AD. This biomarker may be helpful for AD diagnosis and prediction
of disease progression and staging of AD even in the
preclinical stage.
“Pure” AD is characterized by the presence of both diffused neuritic plaques and intracellular neurofibrillary tangles, with a lack of abnormal α-synuclein inclusions or
neuritis. However, more than 50% of AD patients exhibit
excessive brain accumulation of α-synuclein-positive Lewy
bodies, particularly in the amygdala [10, 20]. The presence
of α-synuclein seems not to be innocuous, as these patients demonstrate an accelerated cognitive decline than
subjects with AD alone [12, 21]. Previous studies have indicated that α-synuclein can be secreted into the surrounding media in the brain and then to the CSF [22, 23].
Therefore, the CSF could be used to investigate the mechanisms of α-synuclein metabolism in the brain.
Consistent with most studies, our study showed that
CSF α-synuclein was higher in the AD group compared
with the CN controls and MCI group. A possible hypothesis is that the higher level of α-synuclein could induce a decrease in some proteins in synaptic vesicle and
alterations of the protein composition of synaptic vesicles, thus causing neuronal damage in AD, which in turn
increases the release of α-synuclein from damaged cells
into the CSF [24, 25]. As the CSF α-synuclein levels are
lower in synucleinopathies compared to control, but appear higher in AD/MCI than control, the α-synuclein
may serve as a biomarker for differential dementia diagnosis. In this study, logistic regression analysis was used
to assess the effect of CSF analytes on the risk of progression to AD. The AUC (which reflects the predictive
probabilities of the logistic regression models) of the
model including CSF α-synuclein, age at baseline, gender, educational level and APOE ε4 genotype had good
performance in predicting progression from CN to
pMCI or AD. Recently, the NIA-AA committee has recommended a different definition of AD by pathophysiology, independent of the clinical symptoms. They
proposed that as long as biomarker evidence of Aβ and
tau pathology was present simultaneously, the term
“Alzheimer’s disease” would be applied. Here the CSF αsynuclein model had high diagnostic accuracy for patients with the diagnosis of AD based on the “ATN” system (A + T+) vs controls (A-T-) (AUC = 0.84, which was
comparable to other established CSF biomarkers).
Many lines of evidence have suggested that the pathological α-synuclein, Aβ and tau have synergistic adverse
effects to promote the aggregation of each other, thereby
amplifying the neuronal damage [24, 26–31]. Notably, α-
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synuclein inclusions are commonly observed in patients
with familial Down’s syndrome, where Aβ peptides are
highly expressed. In both diseases, α-synuclein affects
the biological pathways and promotes the formation of
Aβ aggregates. α-Synuclein has also been proposed to be
implicated in synaptic vesicle formation, axonal transport as well as dopamine synthesis and metabolism [32].
In normal conditions, the synaptic membrane is integrated and the α-synuclein is completely released into
the cytosol. However, in the event of neuronal damage
and synaptic membrane defect, both aggregated Aβ and
α-synuclein might attach to synaptic membrane and accumulate in lipid rafts. The synaptic membrane-bound
α-synuclein could not only induce cytosolic α-synuclein
to aggregate as intracellular Lewy bodies but also interact with the membrane-associated Aβ40 and Aβ42 peptides [33]. This may explain the low level of CSF αsynuclein in individuals with normal cognitive function
to a certain extent. Moreover, an in vitro experiment has
demonstrated that the interaction with Aβ1–42 is sufficient to induce the intracellular accumulation of αsynuclein, whereas interaction with Aβ1–40 is not [34]. In
our study, however, we did not find any association between CSF α-synuclein and CSF Aβ levels at baseline.
The reason may be that this mutual effect occurs in the
initial stages of the mixed pathology, preceding the presence of intracellular α-synuclein in surrounding media
and eventually in the CSF by years or decades. We only
studied the CSF total α-synuclein level rather than the
oligomeric or phosphorylated forms. Future studies focusing on the oligomeric or phosphorylated forms of αsynuclein may provide additional information.
Moreover, α-synuclein has also being observed in progressive supranuclear palsy [35] and frontotemporal dementia [36]. Many studies have proposed that αsynuclein and tau interact to promote the fibrillation
and toxicity of each other [26]. However, unlike αsynuclein that could spontaneously polymerize into amyloidogenic fibrils, tau requires cofactors such as glycosaminoglycans or nucleic acids to polymerize [37]. The αsynuclein polymers act as amyloidogenic “seeds” or as
amyloidogenic chaperones that induce the formation of
tau fibrillary inclusions even in the absence of αsynuclein coexpression [26, 27, 38]. Besides, Tau promotes α-synuclein to polymerize into fibrils. Low concentrations of α-synuclein do not fibrillize without tau,
however, in the presence of tau, most α-synuclein assembles into fibrils. Much attention has been paid to the
relationship between CSF α-synuclein and tau. Consistent with most studies [24, 29], our study found positive
associations of CSF α-synuclein with CSF t-tau and ptau levels in the CABLE study. We noted that the mean
values for CSF α-synuclein and CSF Aβ levels between
controls in the 2 Chinese cohorts using similar assays
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were different. This could partly be explained by the differences in pre-analytical protocols, analytical procedures, assay quality and the absolute levels between
assay formats [39]. In addition, the CSF α-synuclein also
correlated with the CSF NFL in the whole cohort, but
not in the CN group, suggesting that they were confounded by diagnosis. This finding probably reflects that
several different pathological conditions (e.g., degeneration of different types of axons) may drive the different
biomarker responses. We also tested the association between CSF α-synuclein and plasma NFL concentration,
but did not find any significant association. More studies
with larger sample sizes are needed to clarify whether αsynuclein and NFL reflect the same neurodegeneration
pattern.
Importantly, we found that the CSF α-synuclein
levels might correlate with AD severity and progression, which was consistent with a recent study indicating that increased α-synuclein displayed a stronger
association with cognitive impairment than soluble
Aβ and tau levels [40]. It has been widely recognized
that α-synuclein is a synaptic marker. α-Synuclein is
highly expressed in the pre-synaptic terminals [41, 42]
and plays a role in the regulation of neurotransmitter
release, synaptic function and plasticity. It could trigger synaptoxicity not only by directly damaging the
synaptic membrane, but also by damaging the mitochondria, lysosomes, or microtubules, leading to dendritic and spine alterations, axonal dystrophy, and
eventually neuronal loss [43]. Along with the synaptic
damage, α-synuclein is released into the CSF. Therefore, it is reasonable to assume that the CSF αsynuclein level correlates with cognitive decline in
AD, since synaptic damage is supposed to be a strong
predictor of cognitive decline [44].

Conclusions
CSF α-synuclein was associated with CSF t-tau and ptau levels among the non-demented elderly adults. In
the ADNI database, CSF α-synuclein concentrations
were increased with the severity of the disease. CSF
α-synuclein predicted longitudinal hippocampus atrophy and conversion from MCI to AD dementia. The
current findings suggest CSF α-synuclein as a very
early and potentially presymptomatic biomarker for
AD, a prognostic marker in the clinic, and an outcome measure in clinical trials.
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trend lines are shown in blue. These regression lines were unadjusted,
while the corresponding analysis in the text was adjusted for age, sex,
educational level, and APOE ε4 genotype. CSF/plasma NFL and CSF asynuclein concentrations on the y- and x-axes were logarithmic.
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curves to assess the diagnostic accuracy of CSF α-synuclein and other
biomarkers for AD dementia. Receiver operating curves of logistic regression model were controlled for age at baseline, gender, educational level
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educational level and APOE ε4 genotype for predicting conversion to
pMCI among people with normal cognitive function.
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Diferential levels of Neuroilament
Light protein in cerebrospinal luid
in patients with a wide range of
neurodegenerative disorders
C. Delaby1,2, D. Alcolea2,3, M. Carmona-Iragui2,3,4, I. Illán-Gala2,3, E. Morenas-Rodríguez2,3,
I. Barroeta2,3, M. Altuna2,3, T. Estellés2,3, M. Santos-Santos2,3, J. Turon-Sans5,6, L. Muñoz2,3,
R. Ribosa-Nogué2,3, I. Sala-Matavera2,3, B. Sánchez-Saudinos2,3, A. Subirana2,3,
L. Videla2,3,4, B. Benejam2,3,4, S. Sirisi2,3, S. Lehmann1, O. Belbin2,3, J. Clarimon2,3, R. Blesa2,3,
J. Pagonabarraga3,7, R. Rojas-Garcia5,6, J. Fortea2,3,4 & A. Lleó2,3 ✉
Cerebrospinal luid (CSF) biomarkers are useful in the diagnosis and the prediction of progression of
several neurodegenerative diseases. Among them, CSF neuroilament light (NfL) protein has particular
interest, as its levels relect neuroaxonal degeneration, a common feature in various neurodegenerative
diseases. In the present study, we analyzed NfL levels in the CSF of 535 participants of the SPIN (Sant
Pau Initiative on Neurodegeneration) cohort including cognitively normal participants, patients
with Alzheimer disease (AD), Down syndrome (DS), frontotemporal dementia (FTD), amyotrophic
lateral sclerosis (ALS), dementia with Lewy bodies (DLB), progressive supranuclear palsy (PSP) and
corticobasal syndrome (CBS). We evaluated the diferences in CSF NfL accross groups and its association
with other CSF biomarkers and with cognitive scales. All neurogenerative diseases showed increased
levels of CSF NfL, with the highest levels in patients with ALS, FTD, CBS and PSP. Furthermore, we
found an association of CSF NfL levels with cognitive impairment in patients within the AD and FTD
spectrum and with AD pathology in DLB and DS patients. These results have implications for the use of
NfL as a marker in neurodegenerative diseases.
Biomarkers of neurodegenerative diseases are key for the evaluation, differential diagnosis and follow-up
of patients with cognitive impairment or dementia. In particular, three cerebrospinal fluid (CSF) biomarkers
(β-amyloid 1–42 [Aβ1–42], total Tau [t-Tau] and its phosphorylated form [p-Tau]) have been extensively studied
due to their high diagnostic accuracy for the diagnosis of Alzheimer disease (AD)1. Thus, the quantification of
these biomarkers in the CSF is currently being implemented in clinical practice either to confirm the biochemical
AD signature in the evaluation of a patient with mild cognitive impairment (MCI) or dementia or to exclude it
in other dementia syndromes, such as frontotemporal dementia (FTD) or dementia with Lewy Bodies (DLB)2,3.
More recently, other CSF biomarkers, such as YKL-40, the soluble β fragment of amyloid precursor protein
(sAPPβ), neurogranin, glial fibrillary acidic protein (GFAP) or Neurofilament Light (NfL), have been described
to be potentially informative for the discrimination of various neurodegenerative conditions, such as AD, FTD,
progressive supranuclear palsy (PSP), corticobasal syndrome (CBS), or DLB4–8.
Neurofilaments provide structural suport to neurons. Different forms of neurofilaments exist, including
NfL, which is strongly expressed in myelinated axons and physiologically secreted in small amounts in the CSF.
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Total
women (%)

Patients
taking
MMSE (n)

MMSE score APOEε 4
mean (SD)
allele (%)

Total
patients (n)

Age mean
(SD)

Control

118

59.4
(9.7)

68 (58%)

117

29.1 (1.0)

Alzheimer disease

116

70.4 (8.0)

71 (61%)

111

Down syndrome

47

37.2 (9.4)

20 (43%)

Down syndrome with
Alzheimer disease

50

51.2 (8.1)

Amyotrophic lateral
sclerosis

46

Frontotemporal dementia

Median (interquartile range)
NfL

Aβ1–42

32 (28%)

411
(343–567)

39
205
818
(648–991) (152–260) (34–51)

22.9 (4.8)

65 (56%)

940
(765–1229)

88
631
414
(330–484) (466–874) (73–108)

0

NA

10 (21%)

349
(196–464)

33
172
754
(545–921) (101–254) (22–58)

21 (42%)

1

NA

8 (16%)

955
(664–1497)

520
413
(245–
(333–461)
1008)

65.6 (11.3)

22 (48%)

46

20.2 (14.0)

NA

2953
(1664–4250)

42
313
350
(254–555) (242–461) (33–52)

56

65.8 (5.2)

15 (27%)

56

23.9 (7.2)

12 (21%)

1240
(859–2378)

41
229
739
(540–941) (188–338) (29–56)

Dementia with Lewy
bodies

37

76.7 (4.9)

19 (51%)

36

22.1 (4.3)

12 (32%)

1135
(803–1321)

54
326
539
(428–752) (219–659) (42–93)

Prodromal Dementia with
Lewy bodies

26

82.2 (6.1)

13 (50%)

26

25.8 (2.6)

8 (31%)

934
(643–1094)

54
307
523
(496–862) (226–473) (47–78)

Corticobasal syndrome

26

72.0 (7.3)

13 (50%)

22

22.5 (5.3)

5 (23%)

1637
(923–2797)

51
302
696
(479–911) (209–424) (40–64)

Progressive supranuclear
palsy

12

70.5 (7.8)

7 (58%)

10

26.0 (3.7)

2 (17%)

1422
(1034–1727)

36
219
664
(426–879) (157–309) (30–43)

Diagnosis

Total Tau

p-Tau

77
(45–124)

Table 1. Demographic and clinical data, cognitive scores, APOEe4 status and CSF biomarker concentrations
of all participants. Abbreviations: MMSE: Mini-Mental State Examination, NA: Not Applicable, NfL:
Neurofilament Light.

Disruption of neurofilament organisation is one of the key characteristics of many neurological conditions, such
as amyotrophic lateral sclerosis (ALS), AD, FTD or vascular dementia among others6,9,10. In addition, recent
studies have shown that levels of NfL in CSF are associated with clinical progression and severity in ALS11–13 and
in other neurodegenerative diseases due to its capacity to reflect the extent of neuro-axonal damage14,15. Recently,
a large control-case study that included various neurodegenerative disorders confimed the importance of CSF
NfL in the evaluation and follow-up of patients with cognitive impairment16: in particular, CSF NfL levels were
increased in patients with a diagnosis of MCI, AD, FTD or ALS compared to controls, thus reflecting the intensity
of neurodegenerative processes.
In the present work, we investigated CSF NfL in the SPIN cohort17, which includes a variety of neurodegenerative disorders, such as AD, FTD, ALS, DLB, PSP, CBS and subjects with Down syndrome (DS). This is the
first time to our knowledge that such different phenotypes can be compared through a monocentric cohort. We
compared CSF NfL levels accross these disorders and studied its association with other CSF biomarkers, with the
severity of cognitive impairment and with the presence of AD pathology in DLB (DLB-AD) and DS (DS-AD).
This study highlights the potential role of CSF NfL for the early diagnosis (including prodromal stages) and
follow-up of DLB patients.

Results

Demographics and core CSF biomarkers. We included a total of 535 participants from the SPIN cohort,
comprising 118 cognitively healthy participants and 417 patients with various neurodegenerative disorders
(Table 1). Age was different among the groups (F = 79.438, p < 0.001) but there was no significant difference in
the male:female ratio. As expected, frequency of APOEε4 allele was significantly higher in AD patients than in
the other groups (X2 = 52.7, p = 0.001), and no differences were observed among the other groups. As expected,
MMSE scores were lower in all clinical groups compared to control subjects (F = 11.972, p < 0.001).
There were differences in CSF core AD biomarkers (Aβ1–42, t-Tau and p-Tau) among the groups (Table 1).
In particular, Aβ1–42 was significantly lower in all groups (F = 30.551, p < 0.001) compared to control subjects,
Table 1. T-Tau was significantly increased in all groups except in DS (F = 26.863, p < 0.001) compared to control
participants, Table 1. Levels of p-Tau were significantly increased in AD, DS-AD, DLB, prodDLB and CBS groups
(F = 24.079, p < 0.001) compared to control participants, Table 1.
Relationship between CSF NfL and age, gender, cognitive scores or core AD biomarkers. CSF

NfL levels were positively correlated with age (ρ = 0.490, p < 0.001) and were associated with sex (higher in males,
t = 2.592, p = 0.01) in the entire cohort. All group comparisons and correlation analysis were thus subsequently
age and sex-adjusted. In addition, as shown in Table 2, CSF NfL levels negatively correlated with Mini-Mental
State Examination (MMSE) scores in control participants, AD, prodDLB and FTD groups. CSF NfL levels positively correlated with t-Tau levels in control participants, AD, ALS, DS and DS-AD. NfL and p-Tau levels were
positively correlated in control participants, AD, DS and DS-AD. Aβ1–42 levels were negatively correlated with
NfL in FTD group.
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Diagnosis

CSF NfL-MMSE CSF NfL-total
correlation
Tau correlation

CSF NfL-pTau
correlation

CSF NfL-Aβ1–42
correlation

Control

ρ= −0.202
(p = 0.030)

ρ = 0.500
(p < 0.001)

ρ = 0.522
(p < 0.001)

ρ = 0.119
NS

Alzheimer disease

ρ = −0.188
(p = 0.045)

ρ= 0.363
(p < 0.001)

ρ= 0.380
(p < 0.001)

ρ = 0.026
NS

Down syndrome

NA

ρ = 0.692
(p< 0.001)

ρ= 0.667
(p < 0.001)

ρ = −0.103
NS

Down syndrome with
Alzheimer disease

NA

ρ = 0.755
(p< 0.001)

ρ = 0.702
(p< 0.001)

ρ = −0.288
NS

Amyotrophic lateral sclerosis

ρ= −0.047
NS

ρ= 0.350
(p = 0.025)

ρ = 0.059
NS

ρ = 0.182
NS

Frontotemporal dementia

ρ = −0.345
(p= 0.010)

ρ = 0.121
NS

ρ = −0.117
NS

ρ= −0.329
(p = 0.020)

Dementia with Lewy bodies

ρ = −0.254
NS

ρ = 0.313
NS

ρ = 0.114
NS

ρ = 0.059
NS

Prodromal Dementia with
Lewy bodies

ρ= −0.431
(p = 0.039)

ρ = 0.473
NS

ρ = 0.270
NS

ρ = 0.313
NS

Corticobasal syndrome

ρ = −0.202
NS

ρ = 0.321
NS

ρ = 0.293
NS

ρ = 0.348
NS

Progressive supranuclear palsy

ρ= −0.268
NS

ρ = 0.400
NS

ρ = 0.444
NS

ρ = −0.133
NS

Table 2. Correlation between CSF NfL and MMSE or core biomarkers among the clinical groups.
Abbreviations: MMSE: Mini-Mental state examination, NS: not statistically significant, NA: Not Applicable,
NfL: Neurofilament Light.

Figure 1. CSF Neurofilament Light (NfL) protein levels in the SPIN cohort. Box and whisker plots of the
median concentrations of CSF NfL in control participants and patients with Alzheimer Disease (AD), Down
Syndrome (DS), Dementia with Lewy Bodies (DLB), Amyotrophic Lateral Sclerosis (ALS), Frontotemporal
Dementia (FTD), Corticobasal Syndrome (CBS) and Progressive Supranuclear Palsy (PSP). The central
black lines show the median values, regions above and below these lines show the upper and lower quartiles,
respectively. Outliers (indicated with grey circles) are defined as a value that is larger than the upper quartile
plus three times the interquartile range.

CSF NfL levels accross clinical groups. CSF NfL levels were elevated in all groups (with exception of DS)
compared to control participants (F = 40.809, p < 0.001), Table 1 and Fig. 1.

FTLD-related clinical syndromes (ALS, FTD, CBS, PSP). The highest CSF NfL levels were found in the ALS group,
followed by patients with CBS, PSP and FTD (Table 1 and Fig. 1). All these groups showed higher CSF NfL levels
compared to control participants (p < 0.001), Table 1. We found a gradient in NfL levels in the ALS-FTD spectrum (Fig. 2) with highest levels in patients with ALS without FTD (median = 3093, IQR = [2107–4261] pg/mL)
followed by those with ALS-FTD (median = 1386, IQR = [836–2731] pg/mL) p = 0.005, and those with FTD
without motor neuron symptoms (median = 1240, IQR = [859–2378] pg/mL). The AUC for CSF NfL for the
detection of ALS in patients with FTD was 0.705 (95% CI 0.576–0.874).
DLB patients. The DLB group showed higher CSF NfL levels compared to control participants (p < 0.001),
Table 1 and Fig. 1. Interestingly, when comparing prodDLB and DLB patients, we observed a significant and
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Figure 2. CSF Neurofilament light (NfL) protein levels in patients within the FTD-ALS spectrum. Box and
whisker plots of the median concentrations of CSF NfL in control participants and patients with dementia:
Alzheimer Disease (AD) and Amyotrophic Lateral Sclerosis associated or not with FTD (ALS-FTD and ALS,
respectively) and Frontotemporal Dementia (FTD). The central black lines show the median values, regions
above and below these lines show the upper and lower quartiles, respectively. Outliers (indicated with grey
circles) are defined as a value that is larger than the upper quartile plus three times the interquartile range.
**p = 0.005.

Figure 3. CSF Neurofilament light (NfL) protein levels in patients with Dementia with Lewy Bodies (DLB).
(A) Box and whisker plots of the median concentrations of CSF NfL in control participants and patients with
Dementia with Lewy Bodies (DLB) or prodromal DLB (prodDLB). The central black lines show the median
values, regions above and below these lines show the upper and lower quartiles, respectively. Outliers (indicated
with grey circles) are defined as a value that is larger than the upper quartile plus three times the interquartile
range. (B) Box and whisker plots of the median concentrations of CSF NfL in control participants and patients
with Dementia with Lewy Bodies (DLB) and DLB with AD pathology AD (DLB-AD). The central black lines
show the median values, regions above and below these lines show the upper and lower quartiles, respectively.
Outliers (indicated with grey circles) are defined as a value that is larger than the upper quartile plus three times
the interquartile range. *p < 0.05, **p < 0.001.

gradual increase in CSF NfL levels in these subgroups (p = 0.01), Fig. 3A, while the levels of the core AD biomarkers (t-Tau, p-Tau and Aβ1–42) were comparable (data not shown). The AUC for CSF NfL comparing prodDLB and
DLB patients was 0.694 (95% CI 0.564–0.805). Compared to control subjects, CSF NfL was increased in prodDLB
and DLB groups, Fig. 3A (p < 0.001), and the AUC was 0.875 (95% CI 0.806–0.927) comparing control and
prodDLB subjects and 0.944 (95% CI 0.895–0.974), comparing control and DLB patients. CSF NfL levels were
elevated in DLB patients with AD pathology (DLB-AD) compared to patients with pure DLB (p = 0.020), Fig. 3B.
The AUC for NfL remained lower than the AUC for core AD biomarkers to discriminate these subgroups (data
not shown).
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Figure 4. CSF Neurofilament light (NfL) protein levels in patients with Down Syndrome (DS). Box and whisker
plots of the median concentrations of CSF NfL in control participants and patients with dementia (Alzheimer
Disease, AD) and Down Syndrome associated or not to AD (DS-AD and DS, respectively). The central
black lines show the median values, regions above and below these lines show the upper and lower quartiles,
respectively. Outliers (indicated with grey circles) are defined as a value that is larger than the upper quartile
plus three times the interquartile range. **p < 0.001.

Down syndrome. As previously described18, CSF NfL levels were increased in the DS-AD group compared to DS
group (p < 0.001), Fig. 4 and Table 1. Interestingly, CSF NfL levels were comparable between DS-AD and sporadic
AD groups, despite the age difference between groups, Fig. 4.

Discussion

In the present study, we extend previously published results that highlight the importance of CSF NfL in the evaluation of neurodegenerative diseases6,9–11,13–16,18,19. We confirm that ALS and FTD-related syndromes show the
highest CSF NfL levels followed by AD and DLB. We also confirm the positive correlation between CSF NfL and
age, its association with gender (higher in male)19 and its negative correlation with MMSE in various contexts,
including control participants, AD and FTD patients16. Finally, we report that in DLB patients, CSF NfL levels are
influenced by the existence of comorbid AD.
Our results confirm that CSF NfL levels are increased in all neurodegenerative conditions studied compared to
control participants16,19. In agreement with a recent meta-analysis that included various neurological conditions,
our study confirms the overlap of CSF NfL level between various clinical conditions19, which may limit its use as
a diagnostic marker in the clinical routine of cognitive impairment. In line with other studies16,20, we found that
ALS patients showed the highest CSF NfL levels. As ALS and FTD are associated in a proportion of patients, we
evaluated the differential CSF levels of NfL in ALS, ALS-FTD and FTD. Our results show that CSF NfL levels were
increased in the three groups compared to controls, with the highest levels for ALS, followed by ALS-FTD and
FTD, in agreement with previously published data16. These results are discordant with the recent meta-analysis
of Bridel et al. describing the ALS-FTD group to be the clinical group with the highest CSF NfL level19. This discrepancy may be related to the variability of CSF NfL values in these clinical groups or to the differences in sample
size. Although our results suggest that high CSF levels of NfL may be indicative of ALS in the context of FTD,
the ROC curves showed moderate diagnostic value and its implementation in clinical routine would therefore
require further confirmation. Future studies are needed to determine whether longitudinal changes in CSF NfL
meaurements are useful to predict the development of motor neuron disease in patients with FTD. We also found
increased CSF NfL levels in patients with CBS and PSP compared to controls, which is in agreement with previous
studies6,9,16,21. We did not find correlation between MMSE scores and CSF NfL in these two groups, similarly to
previously published results16. However, such results may be due to the low number of patients in each group (26
and 12, respectively) or to the lack of sensitivity of MMSE to capture cognitive impairment in these disorders.
We also report high CSF NfL levels in patients with DLB compared to controls, in accordance with a previous
study19. Interestingly, patients with prodDLB within this group showed higher levels of CSF NfL compared to
controls. Furthermore, patients in the dementia stage had higher levels compared to prodDLB, while levels of
t-Tau, p-Tau and Aβ1–42 were similar between both groups. Thus, our results illustrate that CSF NfL levels increase
early in DLB, even at prodromal stages, with a further increase in dementia stages. CSF NfL may be of potential
value to diagnose prodDLB, as its diagnostic performance appeared higher than CSF core AD biomarkers. These
promising results should be further confirmed in a larger cohort. In the present work, we also found higher levels
of CSF NfL in DLB patients that had AD copathology compared to DLB patients with negative AD biomarkers.
However, the potential added value of CSF NfL for AD pathology in the context of DLB was low (AUC < 0.7, data
not shown).
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In participants with DS, CSF NfL levels were associated with clinical stages. As previously published18, we
found a clear and progressive increase of CSF NfL in DS patients with prodromal AD and DS-AD compared
to asymptomatic DS participants. These results indicate that CSF NfL could be informative for the diagnosis of
dementia in this population, where clinical assessment might be complex. Interestingly, despite the difference in
age between DS-AD and sporadic AD patients, NfL levels were similar in both groups indicating a comparable
degree in neuroaxonal damage in both types of AD. These results, together with the good correlation of CSF NfL
levels with those in plasma found in previous studies18, highlight the potential of this biomarker in the diagnosis
of dementia in the DS population.
Our work also has some limitations. First of all, the study is retrospective and the clinical protocols differed
between clinical groups. Second, the work relied on clinical diagnosis and neuropathological confirmation was
not available. Third, MMSE was the only cognitive scale included in this study, which may be less sensitive to
capture changes in some groups, such as FTD. Finally, some groups were small and results should be validated in
larger cohorts.
In summary, the present work confirms the importance of CSF NfL in the evaluation of neurodegenerative
diseases. The study highlights the influence of AD co-pathology on the levels of CSF NfL in DS and DLB and
shows the potential interest of CSF NfL determination for early detection of DLB, at prodromal stages of the disease. Taken together, our data show that CSF NfL levels could be a useful addition to the core AD biomarkers in
the diagnostic evaluation of neurodegenerative conditions.

Material and Methods

Study participants and clinical classiication.

We included 535 subjects from the SPIN cohort17 evaluated at the Memory Unit at Hospital de Sant Pau between January 2009 and October 2017. We included the
following diagnostic groups: Alzheimer’s Disease (AD, n = 116), Down Syndrome, without or with dementia
(DS, n = 47 and DSAD, n = 50, respectively)18, dementia with Lewy Bodies (DLB, n = 37)22, prodromal DLB
(prodDLB, n = 26)22, Amyotrophic Lateral Sclerosis (ALS, n = 46), Frontotemporal dementia (FTD, n = 56)4,20,
corticobasal syndrome (CBS, n = 26), and progressive supranuclear palsy (PSP, n = 12). Cognitively normal control participants (n = 118) were also included in the present study. All controls had normal cognitive scores in
the formal neuropsychological evaluation23 and normal core CSF AD biomarkers (see17 for further details of the
SPIN cohort).
All AD patients had abnormal core AD biomarkers (low Aβ1–42 and high t-Tau or p-Tau) in the CSF based on
previously published cut-offs24. FTD patients with an AD CSF profille (low Aβ1–42 and high t-Tau or p-Tau) were
excluded from the present study.
Classification of DLB patients was made according to previously published data22. Briefly, patients with
prodromal DLB (prodDLB) met general criteria for mild cognitive impairment25 with at least one sign of
α-sinucleinopathy (visual hallucinations, parkinsonism, or REM sleep behaviour disorder (RBD))26–28 at the time
of evaluation and had to meet criteria of probable DLB during the follow up29. Patients with DLB met consensus criteria for probable DLB29 and were evaluated using a previously reported clinical protocol, as previously
described17,22. DLB patients with suspected AD copathology were defined according to the ratio tTau/Aβ1–42 considering values ≥0.52 as indicative of underlying AD pathology30. Patients with ALS fulfilled El Escorial revised
criteria31 for probable, probable laboratory-supported or definite ALS, and were classified as ALS-FTD according
to Raskovsky32 criteria.

CSF collection and analysis.

CSF was obtained by lumbar puncture as previously described, collected
and processed in polypropylene tubes following international recommendations33. CSF levels of core AD
biomarkers (Aβ1–42, t-Tau, and phosphorylated tau) were measured using commercially available kits from
FUJIREBIO-EUROPE (INNOTEST TM, catalog numbers Ref 81583 (Aβ1–42), Ref 81579 (total tau) and Ref
81581 (phosphorylated tau)), as previously described and following provider´s instructions. NfL levels were
measured using a commercially available ELISA kit (NF-light, UMAN DIAGNOSTICS, Umea, Sweden,) as previously described4,20.

ApoE genotyping. DNA was extracted using standard procedures and APOE was genotyped accordingly to
previously described methods34.

Statistical analysis.

Because biomarker values were non-normally distributed, the nonparametric
Kruskal-Wallis test and the post hoc pairwise Mann-Whitney-tests were used to assess differences between
groups. Associations of NfL with other biomarkers and with MMSE score were calculated using Spearman rank
correlation. All group comparaisons and correlation analysis were age and sex-adjusted. Alpha threshold was set
at 0.05 and ccorrection for multiple comparisons was made with the Bonferroni procedure. X2 test was used to
assess differences in APOEε4 allele frequency among groups. All tests and area under ROC curve (AUC) analysis
were performed using MEDCALC (MEDCALC software ver 15.2.2).

Ethical approval and consent to participate. The study was approved by the Sant Pau Ethics Committee
following the standards for medical research in humans recommended by the Declaration of Helsinki and
reported to the Minister of Justice according to the Spanish law for research in people with intellectual disabilities. The protocol of the SPIN cohort was approved by the Sant Pau Ethics Committee. All participants and
their legally authorised representative gave written informed consent before enrolment; all controls gave written
informed consent before enrolment for their medical information to be used for purposes of scientific research in
accordance with the guidelines of the local ethics committee.

Received: 17 December 2019; Accepted: 14 March 2020;
SCIENTIFIC REPORTS |

(2020) 10:9161 | https://doi.org/10.1038/s41598-020-66090-x

6

www.nature.com/scientificreports/

www.nature.com/scientificreports

Published: xx xx xxxx

References

1. Olsson, B. et al. CSF and blood biomarkers for the diagnosis of Alzheimer’s disease: a systematic review and meta-analysis. he
Lancet Neurology 15, 673–684 (2016).
2. Bibl, M. et al. Validation of amyloid-beta peptides in CSF diagnosis of neurodegenerative dementias. Mol. Psychiatry 12, 671–680
(2007).
3. Skillbäck, T. et al. Cerebrospinal fluid tau and amyloid-β1-42 in patients with dementia. Brain 138, 2716–2731 (2015).
4. Alcolea, D. et al. CSF sAPPβ, YKL-40, and neurofilament light in frontotemporal lobar degeneration. Neurology 89, 178–188 (2017).
5. Janelidze, S. et al. Cerebrospinal fluid neurogranin and YKL-40 as biomarkers of Alzheimer’s disease. Ann Clin Transl Neurol 3,
12–20 (2016).
6. Skillbäck, T. et al. CSF neurofilament light differs in neurodegenerative diseases and predicts severity and survival. Neurology 83,
1945–1953 (2014).
7. Oeckl, P., Steinacker, P., Feneberg, E. & Otto, M. Neurochemical biomarkers in the diagnosis of frontotemporal lobar degeneration:
an update. J. Neurochem. 138(Suppl 1), 184–192 (2016).
8. Ishiki, A. et al. Glial fibrillar acidic protein in the cerebrospinal fluid of Alzheimer’s disease, dementia with Lewy bodies, and
frontotemporal lobar degeneration. J. Neurochem. 136, 258–261 (2016).
9. Skillbäck, T., Mattsson, N., Blennow, K. & Zetterberg, H. Cerebrospinal fluid neurofilament light concentration in motor neuron
disease and frontotemporal dementia predicts survival. Amyotroph Lateral Scler Frontotemporal Degener 18, 397–403 (2017).
10. Abu-Rumeileh, S. et al. Cerebrospinal Fluid Biomarkers in Patients with Frontotemporal Dementia Spectrum: A Single-Center
Study. J. Alzheimers Dis. 66, 551–563 (2018).
11. Gaiani, A. et al. Diagnostic and Prognostic Biomarkers in Amyotrophic Lateral Sclerosis: Neurofilament Light Chain Levels in
Definite Subtypes of Disease. JAMA Neurol 74, 525–532 (2017).
12. Scarafino, A. et al. Diagnostic and prognostic power of CSF Tau in amyotrophic lateral sclerosis. J. Neurol. 265, 2353–2362 (2018).
13. Lu, C.-H. et al. Neurofilament light chain: A prognostic biomarker in amyotrophic lateral sclerosis. Neurology 84, 2247–2257 (2015).
14. Norgren, N., Rosengren, L. & Stigbrand, T. Elevated neurofilament levels in neurological diseases. Brain Res. 987, 25–31 (2003).
15. Rosengren, L. E., Karlsson, J. E., Karlsson, J. O., Persson, L. I. & Wikkelsø, C. Patients with amyotrophic lateral sclerosis and other
neurodegenerative diseases have increased levels of neurofilament protein in CSF. J. Neurochem. 67, 2013–2018 (1996).
16. Olsson, B. et al. Association of Cerebrospinal Fluid Neurofilament Light Protein Levels With Cognition in Patients With Dementia,
Motor Neuron Disease, and Movement Disorders. JAMA Neurol, https://doi.org/10.1001/jamaneurol.2018.3746 (2018).
17. Alcolea, D. et al. The Sant Pau Initiative on Neurodegeneration (SPIN) cohort: A data set for biomarker discovery and validation in
neurodegenerative disorders. Alzheimers Dement (N Y) 5, 597–609 (2019).
18. Fortea, J. et al. Plasma and CSF biomarkers for the diagnosis of Alzheimer’s disease in adults with Down syndrome: a cross-sectional
study. Lancet Neurol 17, 860–869 (2018).
19. Bridel, C. et al. Diagnostic Value of Cerebrospinal Fluid Neurofilament Light Protein in Neurology: A Systematic Review and Metaanalysis. JAMA Neurology 76, 1035 (2019).
20. Illán-Gala, I. et al. CSF sAPPβ, YKL-40, and NfL along the ALS-FTD spectrum. Neurology 91, e1619–e1628 (2018).
21. Hall, S. 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. 69, 1445–1452 (2012).
22. Morenas-Rodríguez, E. et al. Different pattern of CSF glial markers between dementia with Lewy bodies and Alzheimer’s disease. Sci
Rep 9, 7803 (2019).
23. Sala, I. et al. Diagnostic and Prognostic Value of the Combination of Two Measures of Verbal Memory in Mild Cognitive Impairment
due to Alzheimer’s Disease. J. Alzheimers Dis. 58, 909–918 (2017).
24. Alcolea, D. et al. Amyloid precursor protein metabolism and inflammation markers in preclinical Alzheimer disease. Neurology 85,
626–633 (2015).
25. Winblad, B. et al. Mild cognitive impairment–beyond controversies, towards a consensus: report of the International Working
Group on Mild Cognitive Impairment. J. Intern. Med. 256, 240–246 (2004).
26. Thomas, A. J. et al. Diagnostic accuracy of dopaminergic imaging in prodromal dementia with Lewy bodies. Psychol Med 49,
396–402 (2019).
27. Sadiq, D. et al. Prodromal Dementia with Lewy Bodies and Prodromal Alzheimer’s Disease: A Comparison of the Cognitive and
Clinical Profiles. J. Alzheimers Dis. 58, 463–470 (2017).
28. Génier Marchand, D. et al. How does dementia with Lewy bodies start? prodromal cognitive changes in REM sleep behavior
disorder. Ann. Neurol. 83, 1016–1026 (2018).
29. McKeith, I. G. et al. Diagnosis and management of dementia with Lewy bodies: Fourth consensus report of the DLB Consortium.
Neurology 89, 88–100 (2017).
30. Alcolea, D. et al. Relationship between β-Secretase, inflammation and core cerebrospinal fluid biomarkers for Alzheimer’s disease.
J. Alzheimers Dis. 42, 157–167 (2014).
31. Brooks, B. R., Miller, R. G., Swash, M. & Munsat, T. L. El Escorial revisited: Revised criteria for the diagnosis of amyotrophic lateral
sclerosis. Amyotrophic Lateral Sclerosis and Other Motor Neuron Disorders 1, 293–299 (2000).
32. Rascovsky, K. et al. Sensitivity of revised diagnostic criteria for the behavioural variant of frontotemporal dementia. Brain 134,
2456–2477 (2011).
33. Alcolea, D. et al. Feasibility of lumbar puncture in the study of cerebrospinal fluid biomarkers for Alzheimer’s disease: a multicenter
study in Spain. J. Alzheimers Dis. 39, 719–726 (2014).
34. Carmona-Iragui, M. et al. Cerebral amyloid angiopathy in Down syndrome and sporadic and autosomal-dominant Alzheimer’s
disease. Alzheimers Dement 13, 1251–1260 (2017).

Acknowledgements

This work is supported by research grants from the Carlos III Institute of Health, Spain (grants PI11/02526,
PI14/01126 and PI17/01019 to Juan Fortea, PI13/01532 and PI16/01825 to Rafael Blesa, PI15/01618 to Ricard
Rojas-García, PI18/00435 to Daniel Alcolea, PI14/1561 and PI17/01896 to Alberto Lleó) and the CIBERNED
program (Program 1, Alzheimer Disease to Alberto Lleó), partly funded by Fondo Europeo de Desarrollo
Regional (FEDER), Unión Europea, “Una manera de hacer Europa”. This work has also been supported by a
“Marató TV3” grant (20141210 to Juan Fortea, 044412 to Rafael Blesa, 20143710 to Ricard Rojas-García) and
by Generalitat de Catalunya (2014SGR-0235 to Alberto Lleó, PERIS SLT006/17/125 to Daniel Alcolea and
SLT006/17/00119 to Juan Fortea), BBVA Foundation (grant to A. Lleó) and a grant from the Fundació Bancaria
La Caixa to Rafael Blesa. We acknowledge all the participants in this study and all the collaborators of the SPIN
cohort. We also acknowledge Soraya Torres for technical assistance.

SCIENTIFIC REPORTS |

(2020) 10:9161 | https://doi.org/10.1038/s41598-020-66090-x

7

www.nature.com/scientificreports/

www.nature.com/scientificreports

Author contributions

D.C., A.D., L.A. designed the study, analyzed the data and wrote the manuscript. D.C., A.D., C.I.M., I.G.I., M.R.E.,
B.I., A.M., E.T., S.S.M., T.S.J., M.L., R.N.R., S.-M.I., S.S.B., S.A., V.L., B.B., S.S., L.S., B.O., C.J., B.R., P.J., R.G.R., F.J.,
L.A. contributed to the editing of the manuscript. All authors read and approved the final manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to A.L.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:9161 | https://doi.org/10.1038/s41598-020-66090-x

8

EXHIBIT P

Howell et al. Alzheimer's Research & Therapy (2017) 9:88
DOI 10.1186/s13195-017-0315-1

RESEARCH

Open Access

Race modifies the relationship between
cognition and Alzheimer’s disease
cerebrospinal fluid biomarkers
Jennifer C. Howell1,2,3, Kelly D. Watts1,2,3ˆ, Monica W. Parker1,3, Junjie Wu4, Alexander Kollhoff1,2,3,
Thomas S. Wingo1,2,3, Cornelya D. Dorbin1,3, Deqiang Qiu3,4 and William T. Hu1,2,3*

Abstract
Background: African Americans have been reported to have a higher prevalence of Alzheimer’s disease (AD) than
Caucasians, but etiology-specific AD biomarkers have not been systematically analyzed in older African Americans.
Coexisting cerebrovascular disease may also contribute to this increased prevalence. We hypothesized that
cerebrospinal fluid (CSF) biomarkers of amyloid, neurodegeneration, and endothelial dysfunction would differ between
older African Americans and Caucasians with normal cognition and cognitive impairment associated with AD.
Methods: We prospectively recruited 135 older Americans to undergo detailed clinical, neuropsychological, genetic,
magnetic resonance imaging (MRI), and CSF analysis from 2013 to 2015 at Emory University (Atlanta, GA, USA). We
compared levels of CSF markers for β-amyloid (Aβ42, Aβ40), total and phosphorylated tau (t-tau and p-tau181,
respectively), endothelial dysfunction (soluble vascular cell adhesion molecule 1, soluble intercellular adhesion
molecule 1), α-synuclein, and neurodegeneration (neurofilament light chain [NfL]), as well as MRI markers, for
hippocampal atrophy and cerebrovascular disease (white matter hyperintensity [WMH] volume).
Results: Sixty-five older African Americans (average age, 69.1 years) and 70 older Caucasians (average age, 70.8 years)
were included. After adjusting for demographic variables, AD risk alleles, and cognitive function, older African
Americans had lower CSF levels of p-tau181 (difference of 7.4 pg/ml; 95% CI, 3.7–11.2 pg/ml; p < 0.001), t-tau (difference
of 23.6 pg/ml; 95% CI, 9.5–37.7; p = 0.001), and Aβ40 (difference of 1.35 ng/ml; 95% CI, 0.29–2.42 ng/ml; p = 0.013)
despite similar levels of Aβ42, NfL, WMH volume, and hippocampal volume. Cognitively impaired African Americans
also had lower CSF t-tau/Aβ42 (difference of 0.255 per 1-SD change in composite cognition; 95% CI, 0.100–0.409; p = 0.
001) and p-tau181/Aβ42 (difference of 0.076 per 1-SD change in composite cognition; 95% CI, 0.031–0.122; p = 0.001).
These could not be explained by measured biomarkers of non-AD processes, but African Americans may be more
susceptible than Caucasians to the cognitive effects of WMH.
Conclusions: Despite comparable levels of CSF Aβ42 and Aβ42/Aβ40, cognitive impairment in African Americans is
associated with smaller changes in CSF tau markers but greater impact from similar WMH burden than Caucasians.
Race-associated differences in CSF tau markers and ratios may lead to underdiagnosis of AD in African Americans.
Trial registration: ClinicalTrials.gov, NCT02089555. Retrospectively registered on 14 March 2014.
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Background
Multiple studies have shown quantitative and qualitative
differences in Alzheimer’s disease (AD) between African
Americans and Caucasians. At the population level, the
prevalence of AD dementia is nearly doubled in African
Americans compared with Caucasians [1, 2]; African Americans are more likely than Caucasians to have multiple
members with dementia within the same family [3]; and
genome-wide association studies have identified genetic
variants uniquely associated with AD in African Americans
(e.g., ABCA7 [4–6], COBL [7]). Cognitively, African
Americans with AD are more likely than Caucasians to
have nonamnestic profiles [8] and slower decline [9]. At
autopsy, African Americans with AD also have greater ischemic and Lewy body copathology and perhaps less transactive response DNA-binding protein 43 kDa (TDP-43)
pathology [10, 11]. Together, these findings point to a possible AD endophenotype in African Americans, although
few epidemiologic or genome-wide association studies have
addressed the accuracy of clinical AD diagnosis. This is especially relevant if a greater proportion of African Americans than Caucasians with vascular dementia are
misdiagnosed with AD, which can potentially be corrected
through antemortem biomarkers associated with amyloid,
tau, and vascular pathology. However, African American recruitment into modern AD biomarker studies such as the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) has
traditionally been limited [12], and there are few longitudinal clinicopathologic studies involving African Americans
that have provided autopsy-based information.
We hypothesized that etiologic biomarkers for AD
such as cerebrospinal fluid (CSF) protein profiles can
improve the antemortem characterization of AD and
non-AD pathology in older African Americans [13, 14].
Because of interindividual heterogeneity in cognition,
genetic risks, and comorbidities, enrolling African
Americans at their population prevalence (~13%) is
likely insufficiently powered to detect race-associated
differences in most biomarker studies. Therefore, we
prospectively recruited similar numbers of older
African Americans and Caucasians with normal cognition, mild cognitive impairment (MCI), and AD dementia
to undergo detailed clinical, neuropsychological, magnetic
resonance imaging (MRI), genetic, and CSF analysis [15].
We characterized the cohort’s CSF amyloid (β-amyloid 1–40 and 1–42 [Aβ40 and Aβ42, respectively]),
tau (total tau and tau phosphorylated at threonine
181
[t-tau
and
p-tau181,
respectively]),
neurodegenerative (neurofilament light chain [NfL]),
and candidate endothelial markers (soluble vascular
cell adhesion molecule 1 [sVCAM-1]; soluble intercellular cell adhesion molecule 1 [sICAM-1]) [16, 17]
to test their associations with cognitive impairment
within each race.
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Methods
Ethics, consent, and permission

This study was approved by the Emory Institutional Review Board. Informed consent was obtained from all
subjects or their authorized representatives.
Subjects

We enrolled 65 older African Americans and 70 older Caucasians into a cross-sectional study at Emory University
from 1 July 2013 to 30 June 2015. Based on our preliminary
data, this sample size was sufficient to detect a difference in
CSF t-tau levels. Recruitment for this study was previously
described [15]. Briefly, potential participants were identified
through the Emory Alzheimer’s Disease Research Center,
the Emory Cognitive Neurology Clinic, or community forums on aging and memory, and individuals were contacted
if there was a subjective report of normal cognition or a
diagnosis of MCI or AD dementia. Study protocols, including CSF and MRI analysis, were discussed with potential
participants, and those diagnosed with non-AD dementia
(e.g., vascular, dementia with Lewy bodies, frontotemporal
dementia or primary progressive aphasia, normal pressure
hydrocephalus) were excluded from the study. Subjects
with MCI with features suggestive of non-AD pathology
(e.g., rapid eye movement sleep behavior disorder) were
also excluded. A total of 288 subjects were contacted, and
135 (47%) consented to participate. The study completion
rate was 98% for MRI (133 of 135) and 93% for lumbar
puncture (126 of 135). Subjects who did not undergo lumbar puncture were similar to those who did with regard to
age, sex, race, education, and apolipoprotein E (APOE) and
ABCA7 genotypes. All biochemical and MRI analyses were
performed by experienced operators blinded to the subject’s
race and cognitive functioning.
Clinical and neuropsychological characterization

Each participant underwent a detailed interview so that we
could obtain demographic information, including selfreported race (Caucasians of Hispanic or Latino ethnicity
were not included in this study), vascular risk factors (coronary artery disease, congestive heart failure, atrial fibrillation, hypertension, hyperlipidemia, diabetes, suspected
transient ischemic attack), other medical comorbidities
(e.g., cancer), and medications (e.g., use of angiotensinconverting enzyme inhibitors or angiotensin II receptor
blockers). Each subject also underwent a detailed neurologic examination and neuropsychological analysis for assessment of function in cognitive domains. These included
(1) memory (Consortium to Establish A Registry for Alzheimer’s Disease word list delayed recall, Brief Visual Memory
Test–Revised [BVMT-R] delayed recall), (2) executive function (Trail Making Test B, reverse digit span [RD], Symbol
Digit Substitution Test, and letter-guided fluency), (3) language (Boston Naming Test [60 items], category fluency),
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and (4) visuospatial function (Judgment of Line Orientation
[JOLO], Rey-Osterrieth complex figure test). With the exception of BVMT-R, JOLO, and RD, subtest Z-scores were
calculated according to published normative data, adjusting
for age, sex, education, and race [18, 19]. Domain-specific
Z-scores were calculated by averaging subtest Z-scores, and
Z-scores for the four domains were averaged to generate
composite cognitive Z-scores. This approach was used in
previous longitudinal multiracial studies, including ADNI,
and it allows for domain-specific and global assessment of
cognition [20–23]. Each participant was then assigned a
diagnosis according to consensus criteria (Table 1), including those for normal cognition, MCI [24, 25], and AD dementia (global Clinical Dementia Rating 1 or 2) [26, 27].

Linear regression analysis among subjects with normal cognition showed that BVMT-R scores were not affected by
race (p = 0.207). African American subjects’ performance
on JOLO was significantly better than published norms
[28], so a regression analysis was used to develop Z-scores
for African Americans. This showed that JOLO scores correlated with sex, race, and education (4.05 × sex [1 = male;
0 = female] + 0.60 × years of education + 1.94 × race [1 =
Caucasian; 0 = African American]). RD scores were also influenced by race (1.297 × race [1 = Caucasian; 0 = African
American]). Mean and SD values among subjects with normal cognition were then calculated after adjusting for these
variables to obtain Z-scores. Cognitively impaired subjects
suspected of having a non-AD dementia (vascular, Lewy

Table 1 Baseline characteristics of African American and Caucasian research participants
Overall

Normal cognition

MCI

AD

African American Caucasian
(n = 65)
(n = 70)

African American Caucasian
(n = 27)
(n = 29)

African American Caucasian
(n = 27)
(n = 25)

African American Caucasian
(n = 11)
(n = 16)

Age, years (SD)

69.1 (7.4)

70.8 (7.7)

67.5 (6.2)

71.4 (8.1)

67.7 (7.6)

71.5 (5.8)

71.4 (9.1)

68.5 (9.4)

Male sex, n (%)

29 (45%)

29 (41%)

10 (37%)

12 (41%)

15 (56%)

10 (40%)

4 (36%)

7 (44%)

Education, years
(SD)

16.1 (2.8)

16.4 (2.7)

15.8 (2.7)

17.0 (2.6)

16.3 (2.9)

17.1 (2.6)

16.7 (3.4)

14.2 (1.9)

MMSE (SD)

26.1 (4.0)

26.7 (3.6)

28.0 (1.8)

28.9 (0.8)

26.6 (2.4)

27.6 (1.7)

20.5 (5.9)

21.4 (3.4)

a

Hypertension

47 (72%)

32 (46%)

17 (63%)

13 (45%)

21 (78%)

14 (56%)

9 (82%)

5 (31%)

Diabetes

22 (34%)a

4 (6%)

9 (33%)

2 (7%)

8 (30%)

0

5 (45%)

2 (12%)

1.3 (1.1)

1.5 (1.1)

1.3 (1.3)

2.2 (1.3)

1.4 (0.9)

2.2 (1.2)

1.0 (1.0)

a

Average number
of vascular risk
factors (SD)

1.9 (1.2)

Having at least
one APOE ε4
allele, n (%)

31/60 (52%)

35/70 (50%) 7/25 (29%)

11 (38%)

15/26 (58%)

13 (52%)

9/10 (90%)

11 (69%)

Having ABCA7
risk allele, n (%)

28/60 (47%)a

16/70 (23%) 12/25 (48%)

8 (27%)

13/25 (52%)

6 (24%)

3/10 (30%)

2 (12%)

Completed LP,
n (%)

58 (89%)

68 (97%)

23 (85%)

28 (97%)

25 (93%)

25 (100%)

10 (91%)

15 (94%)

Aβ42, pg/ml
(SD)

212.3 (118)

207.2 (148)

273 (110)

250 (131)

178 (110)

226 (172)

158 (105)

96 (61)

Aβ40, ng/ml
(SD)

7.89 (2.92)

9.29 (3.32)

7.21 (1.96)a

10.03 (3.65)

7.83 (3.21)

9.38 (3.18)

9.49 (3.61)

7.91 (2.54)

t-Tau, pg/ml
(SD)

47.0 (31.1)a

71.5 (47.8)

36.3 (12.0)a

58.6 (29.0)

46.4 (38.6)

66.6 (38.4)

72.8 (27.5)

103.8 (72.9)

p-Tau181, pg/
ml (SD)

17.9 (9.3)a

25.6 (12.6)

13.8 (5.1)a

22.5 (9.8)

18.8 (10.2)

24.0 (12.0)

25.3 (10.3)

34.2 (14.9)

CSF

CSF t-Tau/Aβ42 > 17/58 (29%)
0.39

31/68 (46%) 2/23 (9%)

7/28 (25%)

9/25 (36%)

13/25 (52%) 6/10 (60%)

11/15 (73%)

Log10(NfL), ng/ml 2.87 (0.27)
(SD)

2.97 (0.19)

2.96 (0.22)

2.87 (0.26)

2.96 (0.15)

3.02 (0.22)

Log10(WMH),
cm3 (SD)

0.367 (0.453)

2.76 (0.23)

0.437 (0.364) 0.238 (0.337)

0.355 (0.365) 0.401 (0.515)

3.14 (0.23)

0.483 (0.308) 0.607 (0.466)

0.514 (0.431)

Abbreviations: Aβ40 β-Amyloid 1–40, Aβ42 β-Amyloid 1–42, AD Alzheimer’s disease, APOE Apolipoprotein E, CSF Cerebrospinal fluid, MCI Mild cognitive impairment,
MMSE Mini Mental State Examination, NfL Neurofilament light chain, p-Tau181 Tau phosphorylated at threonine 181, t-Tau Total tau, WMH White
matter hyperintensity
Values shown are unadjusted
a
Values or proportions differed between the two races (p < 0.005)
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body, and frontotemporal dementia) were excluded. Because we aimed to examine the relationship between race
and cognitive function and the sensitivity of CSF t-tau/
Aβ42 > 0.39 for AD derived from a previous autopsy study
[29] is not 100%, we did not exclude MCI and AD subjects
whose CSF t-tau/Aβ42 ratio was < 0.39.
MRI acquisition and analysis

MRI data were acquired using a MAGNETOM Trio, A
Tim System 3.0-T scanner (Siemens Healthcare, Erlangen,
Germany), including 3D T1-weighted magnetizationprepared rapid acquisition with gradient echo anatomical
imaging (repetition time/inversion time/echo time, 2300/
900/3.0 milliseconds; flip angle, 9 degrees; voxel size, 1 ×
1 × 1.2 mm3; 176 slices). Cortical and subcortical volumes
were extracted by employing a user-independent parcellation process in FreeSurfer (version 5.03; Massachusetts
General Hospital/Harvard University, Boston, MA, USA)
running on the CentOS 6.6 operating system [30]. Subcortical white matter and deep gray matter structures are parcellated by combining data from voxel intensity,
probabilistic atlas locations, and local relationships between
anatomical structures. Total white matter hyperintensity
(WMH) volume was derived from T2-weighted fluidattenuated inversion recovery sequences as previously described [31]. WMH volume was not normally distributed
and was therefore log-transformed for statistical analysis.
CSF collection and analysis

CSF samples were collected between 8:00 a.m. and
2:00 p.m. without requiring fasting. This window was
chosen because CSF Aβ42 levels during these times represent approximately 95–105% of average Aβ42 over
time [32]. CSF was immediately aliquotted after collection and before freezing, and otherwise we used the
ADNI biofluid protocols, including the use of 24-gauge
Sprotte needles, aspiration syringes, and transfer into
15-ml polypropylene tubes. To avoid measurement bias
related to well positions, sample positions were randomized for each biomarker assay.
CSF biomarkers were measured following the manufacturers’ protocols: Aβ42, t-tau, and p-tau18 levels were measured using the INNO-BIA AlzBio3 immunoassay
(Fujirebio, Malvern, PA, USA) in a Luminex 200 platform
(Luminex, Austin, TX, USA) [33] (average interplate coefficients of variation of 13% for Aβ42, 10% for t-tau, and 11%
for p-tau181), Aβ40 levels using the INNOTEST® enzymelinked immunosorbent assay (ELISA) (Fujirebio), αsynuclein levels using the Novex® ELISA (Thermo Fisher
Scientific, Waltham, MA, USA), NfL levels using the NFlight® ELISA (Uman Diagnostics, Umeå, Sweden), and
sICAM-1 and sVCAM-1 levels using a commercial multiplex kit (MILLIPLEX® MAP Human Neurodegenerative
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Magnetic Bead Panel 3 [HNDG3MAG-36 K]; EMD Millipore, Billerica, MA, USA).
DNA extraction and analysis

DNA was extracted from buffy coat as previously described [34]. Single-nucleotide polymorphism (SNP) genotyping for APOE and ABCA7 was performed using
TaqMan® assays (Thermo Fisher Scientific). ABCA7 SNP
rs3764650 (catalogue number 4351379; Thermo Fisher
Scientific) was analyzed because of its association with AD
[6] and because it is in linkage disequilibrium with SNP
rs115550680 implicated in AD in African Americans [4].
Statistical analysis was restricted to those with successful
genotyping (n = 124 cases; all had CSF, 123 had MRI).
Statistical analysis

Statistical analysis was performed using IBM SPSS version
22.0 software (IBM, Armonk, NY, USA). Baseline demographic variables and AD risk alleles were compared between African Americans and Caucasians within each
diagnostic category (normal cognition, MCI, and AD) using
the chi-square test or Fisher’s exact test for categorical variables and Student’s t test for continuous variables, with p <
0.005 to adjust for multiple comparisons. Among subjects
with normal cognition, all biomarkers were normally distributed except for NfL and WMH, which were then log10transformed. Analysis of covariance (ANCOVA) was used
to determine race-associated differences in CSF AD biomarkers (t-tau, p-tau181, Aβ40, t-tau/Aβ42, p-tau181/Aβ42,
Aβ42/Aβ40), α-synuclein, and p-tau181-to-t-tau ratio (p/ttau), adjusting first for cognitive functioning (diagnostic
category, Mini Mental State Examination [MMSE], or cognitive Z-score). Race and the interaction between race and
cognitive function were both included in these models.
When appropriate, age, sex, APOE, ABCA7 risk allele status, and CSF Aβ42 levels were further included in the
ANCOVA. F-statistic and p values for main effects were reported, along with coefficient estimate and 95% CI after
stepwise removal of factors and covariates with p > 0.10. To
account for coexisting cerebrovascular risks, hypertension,
diabetes, and WMH volume were then added. Furthermore, sVCAM-1 was analyzed first through Pearson’s correlational analysis and then in its own ANCOVA to
determine its suitability as a CSF endothelial marker. Finally, because African Americans had lower CSF tau
markers than Caucasians but similar WMH volumes, linear
regression analysis was used to model potential interactions
between race and tau and between race and WMH volume
to determine if cognition was more affected in African
Americans than in Caucasians on the basis of the same unit
of change in CSF tau markers or WMH volume. In this
model, composite cognitive Z-score was the dependent
variable, with race, sex, having the APOE ε4 allele, having
an ABCA7 risk allele, hypertension, and diabetes as
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categorical variables and age, education, Aβ42, t-tau, log10
(WMH), and education as continuous variables. Independent variables were entered in a stepwise fashion to achieve
a model consisting of only main effects. Race and education
were not significant factors in this model, because the cognitive Z-scores had been adjusted for these two factors, but
sex and age remained significant to account for variance
from the sex- and age-adjusted cognitive Z-scores. To test
the hypothesis that race modified the relationship between
cognition and t-tau or WMH, an interaction term of ttau × race or log(WMH) × race was added to the model.

Results
Baseline and genetic characteristics

Among the 135 participants, African Americans were
more likely than Caucasians to have the ABCA7 risk allele (46.7% vs. 22.9%, p = 0.005) and the ICAM1 Lys56Met polymorphism (33.3% vs. 5.7%, p < 0.001) (Table 1).
African Americans were also more likely to have hypertension (72% vs. 46%, p = 0.003) and diabetes (34% vs.
6%, p < 0.001) (Table 1). The two groups were otherwise
similar in age, sex, education, proportion with the APOE
ε4 allele, and other vascular risk factors (Table 1).
Relationship between race and CSF biomarkers for
amyloid and tau

As a group (regardless of diagnosis), African Americans
had lower CSF levels of p-tau181 (17.9 vs. 25.6 pg/ml, p <
0.001) (Fig. 1a), t-tau (47.0 vs. 71.5 pg/ml, p = 0.001)
(Fig. 1b), and Aβ40 levels (7.88 vs. 9.29 ng/ml, p = 0.017)
(Fig. 1d) than Caucasians, but they had similar Aβ42 levels
(Fig. 1c). Univariate analysis of these biomarkers revealed
the greatest differences in subjects with normal cognition
(Table 1), but the relationship between biomarker levels
and demographic variables necessitated the use of
ANCOVA to determine whether race influenced CSF biomarker levels in a cognition-dependent or cognitionindependent fashion. We found that, independent of
cognitive functioning (data for cognitive Z-scores presented; diagnostic category and MMSE produced similar
results), age, sex, APOE ε4 and ABCA7 risk alleles, and
Aβ42 levels, African Americans had lower levels of t-tau
[difference of 23.6 pg/ml; 95% CI, 9.5–37.7; F(2,122) =
10.99; p = 0.001], p-tau181 levels [difference of 7.4 pg/ml;
95% CI, 3.7–11.2 pg/ml; F(2,122) = 15.79; p < 0.001], and
Aβ40 [difference of 1.355 ng/ml; 95% CI, 0.293–2.417 ng/
ml; F(2,122) = 6.385; p = 0.013]. Race also affected the ratio
biomarker of t-tau/Aβ42 (Fig. 1e) and p-tau181/Aβ42 (not
shown) according to cognitive functioning, but it had minimal effect on Aβ42/Aβ40 (Fig. 1f). For both tau markers,
cognitively impaired African Americans had lower CSF ttau/Aβ42 [difference of 0.255 per 1-SD change in composite cognition; 95% CI, 0.100–0.409; F(2,122) = 10.67; p =
0.001] and p-tau181/Aβ42 [difference of 0.076 per 1-SD
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change in composite cognition; 95% CI, 0.031–0.122;
F(2,122) = 10.94; p = 0.001] ratios than cognitively impaired Caucasians.
CSF neurodegenerative and endothelial markers do not
account for race-associated AD biomarker differences

Lower t-tau and p-tau181 levels in African Americans
may be explained by misdiagnosis, less neurodegeneration, or greater contribution from non-AD copathology
toward cognitive impairment. Because CSF Aβ42 levels
were indistinguishable between African Americans and
Caucasians, cognitively impaired subjects in the two racial groups were equally likely to have β-amyloidopathy,
which makes misdiagnosis less probable. To determine if
there was a difference in neurodegeneration between the
two races, we examined the relationship between race,
CSF NfL levels, and hippocampal atrophy because the
latter two are influenced by AD as well as non-AD disorders. ANCOVA showed that cognitively normal African Americans had lower log(NfL) than cognitively
normal Caucasians [F(2,122) = 3.525; p = 0.017], but
log(NfL) did not differ between the two races for those
with cognitive impairment. Race also had no effect on
hippocampal volumes [F(2, 122) = 1.78; p = 0.185] to
suggest less neurodegeneration in cognitively impaired
African Americans. Similarly, among those with CSF ttau/Aβ42 not consistent with AD, race had no effect on
CSF α-synuclein levels [implicated in Lewy body disease;
F(2,75) = 1.078; p = 0.303] or p/t-tau ratio [implicated in
frontotemporal lobar degeneration with TDP-43 immunoreactive inclusions; F(2,75) = 0.775; p = 0.382].
Because African Americans had a higher prevalence of
hypertension and diabetes than Caucasians in our cohort
(Table 1), cerebrovascular disease could account for cognitive impairment in the setting of lower CSF tau levels. Including hypertension, diabetes, and total WMH volume in
the ANCOVA did not change the effect of race on p-tau181
[F(2,121) = 18.13; p < 0.001), t-tau [F(2,121) = 6.790; p =
0.010], or Aβ40 levels [F(2,121) = 5.084; p = 0.008]. Therefore, vascular risk factors and total WMH volume do not
sufficiently account for the CSF AD biomarker differences
between the two races. At the same time, peripheral vascular risk factors may not adequately reflect cerebrovascular
disease burden. We thus tested whether CSF levels of two
candidate endothelial markers (sVCAM-1 and sICAM-1)
could be used as surrogate markers of endothelial dysfunction. As a proof of principle, we first analyzed the relationship between these two markers and race, peripheral
vascular risks, and WMH among cognitively normal subjects enriched for those without AD pathology (CSF Aβ42,
> 192 ng/ml; n = 34). At the univariate level, CSF sVCAM-1
levels, but not sICAM-1 levels, correlated positively with
older age (R = 0.514; p < 0.001), Caucasian race (R = 0.35; p
= 0.026), higher WMH volume (log-transformed; R = 0.433;
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Fig. 1 Cerebrospinal fluid (CSF) levels of tau and amyloid markers in older African Americans and Caucasians according to cognitive function.
Composite cognitive Z-scores are shown on the x-axis (lower score corresponds to worse cognitive function). African Americans (closed circles)
had lower CSF levels of total tau (t-tau) (a), tau phosphorylated at threonine 181 (p-tau181) (b), and β-amyloid 1–40 (Aβ40) (d) than Caucasians
(open circles). Raw values are shown, with dashed lines representing trends among Caucasians and solid lines representing trends among African
Americans. The differences persisted after adjusting for age, sex, apolipoprotein E (APOE) and ABCA7 genotypes, and β-amyloid 1–42 (Aβ42) levels
(c), which did not differ between the two groups. CSF biomarker t-tau/Aβ42 ratio was lower in African Americans than in Caucasians when there
was cognitive impairment (e), but race did not have a significant effect on CSF biomarker Aβ42/Aβ40 (f)

p = 0.005), greater number of vascular risk factors (R =
0.357; p = 0.020), history of congestive heart failure (R =
0.444; p = 0.003), and history of atrial fibrillation (R = 0.399;
p = 0.009). ANCOVA showed that race modified the relationship between sVCAM-1 levels and WMH volume
(Fig. 2a) and between sVCAM-1 levels and vascular risk
(Fig. 2b). Similar results were obtained when all subjects
with CSF t-tau/Ab42 < 0.39 were included (Fig. 2c, d). In
sum, whereas sVCAM-1 correlated with known vascular
disease markers in Caucasians, it is a poor measure of
endothelial dysfunction in African Americans.

Race modifies the impact of WMH on cognition

To reconcile our finding that, after controlling for raceadjusted cognitive performance, African Americans had
lower CSF tau marker levels than Caucasians despite
similar levels of WMH, NfL, and hippocampal volumes,
we tested if race modified the relationship between cognition and the two intermediate etiologic biomarkers
(tau, WMH). To test this hypothesis, we determined,
using multivariate linear regression analysis, whether
there was an interaction between race and each of these
markers of AD (t-tau, p-tau181) or vascular (WMH)
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Fig. 2 Relationship between cerebrospinal fluid (CSF) soluble vascular cell adhesion molecule 1 (sVCAM-1) levels and other vascular markers according to
race. In Caucasians (open circles), CSF sVCAM-1 levels strongly correlated with log-transformed white matter hyperintensity (WMH) volumes derived by
magnetic resonance imaging (a, b) and the total number of peripheral vascular risk factors (c, d) whether a more (a, c) or less stringent (b, d) threshold
was applied to identify subjects with no Alzheimer’s disease pathology. However, there was no such correlation in African Americans (closed circles). Aβ42
β-Amyloid 1–42, t-Tau Total tau

pathology to influence cognition (see the Methods section above). At the univariate level, cognition was influenced by APOE and ABCA7 genotypes as well as by
log10(WMH) and CSF levels of Aβ42 and t-tau. Introducing the interaction term of race × log10 (WMH) showed
that the interaction term had a stronger effect on cognitive Z-scores than log10 (WMH) alone (Table 2), and
that African American race was associated with greater
cognitive impairment than Caucasian race for every unit
of change in log10 (WMH). This was not the case for tau
or p-tau181.

Discussion
Although multicenter efforts such as ADNI have advanced the characterization of AD in terms of cognitive
decline, fluid and imaging biomarkers, and genetic variants, whether findings from these homogeneous cohorts
can be applied to a more diverse population remains unknown. African Americans represent the largest racial

minority group in the United States, and clinicopathologic studies linking their phenotypes to underlying
pathology on autopsy or pathology-associated biomarkers are rare. To the best of our knowledge, this is
the first study to directly identify race to modify CSF AD
biomarker levels and the relationships between WMH
and cognition in a small but well-characterized cohort of
older African Americans and Caucasians. Whereas race
did not affect the primary CSF marker of amyloid deposition (Aβ42 levels), race was associated with lower CSF
p-tau181 and t-tau levels in African Americans, independent of cognition, and it affected the AD biomarkers
t-tau/Aβ42 and p-tau181/Aβ42 according to cognitive
impairment. Race also affected Aβ40 levels, but it did
not influence AD biomarker Aβ42/Aβ40. We propose
that these differences did not result from less neurodegeneration or greater endothelial dysfunction in African
Americans. Instead, our model suggests that the same
degree of WMH had a greater impact on cognition in
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Table 2 Demographic and biomarker variables that influence
cognitive Z-scores
Variables

B (95% CI)

p Value

Intercept

−3.08 (−4.70, −1.45)

< 0.001

Log(WMH)

−0.35 (−0.89, 0.19)

0.206

Male sex

0.54 (0.21, 0.87)

0.002

Having at least one APOE ε4 allele

−0.36 (−0.71, −0.01)

0.042

Having ABCA7 risk allele

0.38 (0.04, 0.72)

0.03

Aβ42

0.003 (0.001, 0.004)

< 0.001

t-Tau

−0.006 (−0.010, −0.002)

0.003

Age

0.039 (0.015, 0.063)

0.002

African American race × log(WMH)

−0.496 (−1.074, 0.081)

0.091

Abbreviations: Aβ42 β-Amyloid 1–42, APOE Apolipoprotein E, t-Tau Total tau,
WMH White matter hyperintensity
A stepwise regression model was used to determine factors most strongly
associated with cognitive function as reflected by cognitive Z-scores. African
American race had a trend of worsening cognitive functioning for the same degree
of change in WMH. If the log(WMH) term was removed from this model, African
American race was associated with lower cognitive Z-score (by 0.496; p = 0.006) per
unit change of log(WMH). Race and sex were not significant factors in this model.
Similar results were obtained when p-tau181 instead of t-tau was entered into
the model

African Americans than in Caucasians through an as yet
unknown mechanism.
Assessing cognitive decline in minority populations has
been challenging because of discrepancies between various
normative datasets [28, 35, 36]. In keeping with others’ experiences, established normative data underestimated the
cognitive functioning of older African Americans in our
cohort, possibly owing to their generally high level of education. Objective etiologic biomarkers have the potential
of identifying AD and other neurodegenerative diseases
early in the disease course, independent of language, cultural, and socioeconomic confounds. Our observation of a
race effect on three common AD biomarkers—t-tau, ptau181, and Aβ40—underscores the biological and clinical
importance of biomarker studies in minority populations.
We believe that cognitive impairment in African Americans was indeed associated with β-amyloidopathy, because
CSF Aβ42 levels in subjects with MCI or dementia did not
differ between the two races. These findings imply that
using existing cutoff values for CSF biomarker levels or ratios involving tau derived from largely Caucasian populations may lack sensitivity in identifying AD in minority
populations, and it is not known if cerebral tau imaging
can overcome this. We extended these observations by exploring multiple CSF and MRI markers involved in neurodegeneration, and we found race-independent (e.g., NfL)
as well as race-dependent (sVCAM-1) markers. However,
a key observation was the absence of a difference in CSF
Aβ42 levels and WMH volumes between the two races.
According to the model of sequential biomarker changes
in AD [37], more modest increases in t-tau or p-tau181
levels in cognitively impaired African Americans might

result in lower CSF NfL levels and greater hippocampal
volumes than similarly impaired Caucasians. This was not
the case, which led us to search for an alternative explanation for the relatively greater neurodegenerative changes
(measured by NfL and hippocampal volumes with less
specificity to AD) in African Americans associated with
more modest tau changes. Exactly how WMH may result
in greater neurodegeneration and cognitive deficits in
African Americans is unknown. WMH is thought to represent terminal organ damage from chronic ischemia, and
it is possible that African Americans have a greater degree
of subclinical endothelial dysfunction than Caucasians. It
is also possible that differences in the brain structural (as
measured by white matter tract integrity) and functional
(as measured by resting state connectivity) networks predispose African Americans to the effects of ischemia. Finally, a synergistic effect between WMH and brain
amyloid burden has been reported for cognition [38], and
brain amyloid deposition in African Americans may preferentially enhance WMH-associated neurotoxicity over
tau-associated neurodegeneration. Future studies should
prospectively test each of these hypotheses to identify potentially modifiable factors in an effort to reduce the raceassociated increase in AD prevalence [39].
Our model was suggestive of a process involving WMH
to account for lower tau marker levels in African Americans, but other explanations need to be considered. There
still exists the possibility of greater non-AD pathology in
African Americans, because CSF α-synuclein and p/t-tau
are imperfect markers of Lewy body and TDP-43 pathology [40]. Although amyloid and tau PET imaging may
provide additional information, more detailed neuropathologic characterization may be necessary to definitively
determine the AD pathology in African Americans with
clinical AD dementia. Variants in the MAPT or other
genes (besides APOE or ABCA7) may also influence t-tau
levels or the relative levels of different tau isoforms. The
H2 haploptype of MAPT is rare among African, Asian,
and Native American populations [41], but a previous
study failed to identify any MAPT variant to associate with
CSF t-tau or p-tau181 levels among those without evidence
of brain amyloid deposition [42]. Other limitations of the
study include the lack of an independent validation cohort, not using genetic markers to ascertain African ancestry [43] or to account for additional race-related AD risks
[7], limited information on environmental exposure, and
inclusion of only the most commonly studied AD and
endothelial markers. It is also worth emphasizing that
genomic African ancestry is inadequate to biologically or
sociologically characterize aging and disease in African
Americans, as pointed out by many of our participants
and colleagues, and this study’s findings may not translate
to other African American cohorts of different genetic
and socioeconomic backgrounds.
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Conclusions
In sum, we report that CSF tau biomarker levels are
strongly influenced by race in a cohort of older African
Americans and Caucasians in Atlanta. This has important implications for the use of diagnostic biomarkers derived from CSF and potentially other modalities (e.g.,
positron emission tomography) in unique populations
underrepresented in existing large biomarker studies.
Our data also raise the possibility that African American
race may modify the relationship between an MRI
marker of cerebrovascular disease and cognition, likely
through an APOE-independent mechanism. There is an
urgent need to test the generalizability of these findings
in more cohorts of African Americans.
Abbreviations
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Abstract: Cerebrospinal fluid (CSF) diagnostics has emerged as a valid tool for a variety of neurological diseases. However, CSF diagnostics has been playing a subordinate role in the diagnosis of many
neurological conditions. Thus, in the multitude of neuromuscular diseases in which motor neurons
are affected, a CSF sample is rarely taken routinely. However, CSF diagnostics has the potential to
specify the diagnosis and monitor the treatment of neuromuscular disorders. In this review, we
therefore focused on a variety of neuromuscular diseases, among them amyotrophic lateral sclerosis
(ALS), peripheral neuropathies, and spinal muscular atrophy (SMA), for which CSF diagnostics
has emerged as a promising option for determining the disease itself and its progression. We focus
on potentially valuable biomarkers among different disorders, such as neurofilaments, cytokines,
other proteins, and lipids to determine their suitability, differentiating between different neurological
disorders and their potential to determine early disease onset, disease progression, and treatment
outcome. We further recommend novel approaches, e.g., the use of mass spectrometry as a promising
alternative techniques to standard ELISA assays, potentially enhancing biomarker significance in
clinical applications.
Keywords: cerebrospinal fluid; ELISA; biomarker; amyotrophic lateral sclerosis; spinal muscular
atrophy; peripheral neuropathies; Guillain-Barré syndrome; motor neurons
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1. Introduction
Cerebrospinal fluid (CSF) diagnostics emerged as a valid tool for a variety of neurological diseases. It is routinely used to detect neuronal diseases such as acute or chronic
meningitis or encephalitis and is even able to distinguish between an acute viral and a
bacterial intrathecal infection [1,2]. Furthermore, it is an important diagnostic tool for
detecting multiple sclerosis and metastasising tumours, as in the case of leukaemia, and
tumours of the central nervous system (CNS) [3,4]. In recent years, CSF diagnostics has
also been introduced in the field of neurodegenerative and inflammatory diseases such
as Alzheimer’s disease (AD) [5–9], Parkinson’s disease (PD) [10–14], and autoimmune
encephalitis [15–20]. However, CSF diagnostics has also played a subordinate role in the
diagnosis of many other neurological diseases. Thus, in the multitude of neuromuscular
diseases in which the motor neurons are affected, a CSF sample is rarely taken routinely.
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However, CSF diagnostics may contribute to the diagnosis and treatment of neuromuscular disorders. In this review, we therefore focused on neuromuscular diseases such as
amyotrophic lateral sclerosis (ALS), peripheral neuropathies and spinal muscular atrophy
(SMA), for which CSF diagnostics emerged as a promising option for determining the
presence of the disease itself and its progression.
2. Materials and Methods
A literature search was performed using the Medline and Cochrane databases included
in PubMed. As abundance of published articles was highly variable among the discussed
neuromuscular disorders, the parameters for study selection were adapted accordingly. For
ALS the terms, “ALS” or “amyotrophic lateral sclerosis” and “CSF” or “cerebrospinal fluid”
were chosen as a first indication. Additionally, the terms “cytokine” or “neurofilament” or
“TDP-43” were added. As for neurofilaments, the number of studies was comparably high
(103 publications), so only studies conducted within the last 5 years (from December 2015
to December 2020, 56 publications) containing a high number of patients in the cohorts
(>45 ALS patients within the cohort) were used for in-depth review. For all other terms,
a search period of 15 years was chosen. We further focussed on studies using similar
techniques (ELISA) enabling comparability of studies for different biomarkers. For SMA,
the terms “SMA” or “spinal muscle atrophy” or “spinal muscular atrophy” and “CSF” or
“cerebrospinal fluid” were chosen. Results were further filtered for studies published in
the last 15 years (from January 2006 to May 2021, 147 publications).
For the reviewed peripheral neuropathies, a smaller number of publications was
found compared to the literature research on ALS, therefore specific exclusion criteria in
terms of study population or publication date weren’t applicable. The terms searched for
Guillain-Barré syndrome were “Guillain-Barré syndrome” or “GBS” in combination with
“CSF”, “cerebrospinal fluid”, “biomarker”, “neurofilament”, “proteomics”, or “lipidomics”.
For multifocal motor neuropathy, the terms “multifocal motor neuropathy” or “MMN” and
“CSF”, “cerebrospinal fluid” or “biomarker” were selected. The terms used for Lyme neuroborreliosis were “neuroborreliosis” or “lnb” in combinaton with “CSF”, “cerebrospinal
fluid” or “biomarker”. For all studies, only those matching the questions covered in this
review were included. Literature search terms and inclusion and exclusion criteria for all
neuromuscular disorders discussed in this review are further visualized in a flow diagram
(Figure S1).
3. Amyotrophic Lateral Sclerosis
ALS is a heterogeneous neurodegenerative disease affecting both upper and lower
motor neurons and is marked by a progressive loss of bulbar and limb function. In 5% of all
cases ALS is found to be familial. To date over 100 gene mutations and over 30 genes have
been associated with different types of familial ALS [21]. However, the majority of ALS
cases remain sporadic, in which genetic and environmental factors both play important
roles increasing the risk of developing ALS. Still, the identification of risk factors remains a
challenging step, as ALS presents itself as a multifactorial and genetically diverse disease
with a comparably low incidence rate. Until now, there is no curative treatment option
and after the first symptoms present themselves, patients typically die due to respiratory
failure within three years [22]. The clinical management relies mainly on symptomatic and
palliative care with the aim of maintaining or improving quality of life [23]. To date, no
definite diagnostic marker for ALS is available and diagnosis solely relies on excluding
potential other causes of progressive motor neuron dysfunction, using the El Escorical
criteria [24]. The disease progression is assessed by the ALS Functional Rating Scale [25].
The resulting scores are not only used for diagnosis, but also to predict patient survival.
Since the diagnosis of ALS is based mainly on clinical examination, diseases displaying
similar symptoms should first be ruled out. Thus, a definitive diagnosis is often delayed
and possibly formulated after 9–15 months of disease [22]. Therefore, the need to find
definite early diagnostic markers is of utmost importance.
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Diagnostic tools encompass neuroimaging, whereby a routine MRI is conducted. In
this context, patients with ALS might show atrophy of motor cortices and degeneration of
motor tracts [22,26], but those changes are neither very sensitive nor very specific and are
consequently usually used to exclude competing causes.
In clinical routine, liquid biopsies most often present as valuable tools for disease
verification. Commonly, blood, plasma, saliva or CSF samples are used as liquid biopsy
options. Since ALS is a neurodegenerative disorder, CSF could be the most suitable liquid
biopsy option, as it constantly surrounds the brain tissue. Several studies have already
focused on the evaluation of various potential biomarkers detectable in CSF for their ability
to reliably differentiate between ALS, various other neurological diseases, so-called ALS
mimics, and healthy cohorts [27–43]. The most frequently studied biomarkers in this
context include cytokines [30,37–39], as the immune system plays a major role in ALS
formation. In addition, TDP-43 [31–35], a protein known to hyperphosphorylate and
aggregate during ALS progression, and neurofilaments [28,29,36,40–43], the intermediate
filaments of the nervous system that are known to contribute to ALS when failing to
organise neuronal integrity, were found to be potentially relevant biomarkers. With respect
to possible CSF diagnostic approaches for ALS, in this review we focussed on these three
groups of proteins and assessed current strategies and their outcome to predict ALS disease
and progression.
3.1. Cytokines
Cytokines comprise a large group of small, secreted proteins, including interleukins,
chemokines, interferons, and tumor necrosis factor. They function as elementary mediators in inflammatory processes and are secreted by various immune cells like T and B
lymphocytes, endothelial cells, mast cells, and macrophages [44–46], especially during
neuroinflammation. Microglia account for 5–10% of cells in the brain [47] and play an
indispensable role in the production of pro- and anti-inflammatory substances [48]. In ALS,
activated microglia appear in regions that are significantly affected by degeneration of
motor neurons as well as in areas that contain only weak damage [49]. Therefore, the role
of microglia in ALS is still under debate [50]. However, other cytokine producing cells also
show enhanced levels in CNS human tissue in ALS. The spinal cord, in particular, exhibits
intense cell infiltration of T cell lymphocytes [51], mast cells [52], and dendritic cells [53]. In
addition, the well-established superoxide dismutase (SOD1) mouse model of ALS provides
evidence that inflammation is highly involved in ALS pathogenesis through characteristic
elevated levels of several cytokines [54–56]. Interestingly, studies showed that SOD1 mutant microglia cells in particular produce more toxic substances than wild-type microglia,
among them TNF-α [57,58]. Furthermore, CSF and blood/serum samples of ALS patients
likewise contain dysregulated cytokine levels [30]. Since CSF reflects CNS metabolism, CSF
analysis represents a significant source for various investigations. Based on the evidence
that inflammatory processes and the resulting dysregulation of cytokines play a major
role in ALS, many studies have investigated cytokine concentrations in CSF and serum
in ALS in search of potential biomarkers. In this regard, elevated levels of interleukin-6
(IL-6) [59], monocyte chemoattractant protein-1 (MCP-1), granulocyte colony-stimulating
factor (G-CSF) [60] and prostaglandin E2 (PGE2) [61] have already been reported in CSF. In
this review, we will focus on four major studies examining cytokine and chemokine level
in CSF from large cohorts of ALS patients and controls. A detailed description of every
study discussed here, involving cohort selection size and composition, body fluid, as well
as used technique/antibody and detected cytokine levels can be found in Table S1. As an
overview, the results of cytokine evaluations are further summarized in Table 1.
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Table 1. Cytokines evaluated in the four different studies. For a better comparison between diseases, the table further displays the results of the later mentioned studies investigating
√
cytokines in GBS and neuroborreliosis. Significance between the groups is indicated with a for significant, x for not significant, - for not evaluated, and n. e. for not expressed (lower
than the assay cut off). Abbreviations: ALS = amyotrophic lateral sclerosis, MMN= multifocal motor neuropathy OND = other neurological diseases, PMA = progressive muscular atrophy,
GBS = Guillain-Barré syndrome, CIDP = chronic inflammatory demyelinating polyneuropathy, NIP = noninflammatory polyneuropathy, LNB = Lyme neuroborreliosis, MS = multiple
sclerosis, TBE = tick-borne encephalitis.

Cytokines

IL-1α
IL-1β
IL-1ra
IL-2
IL-2ra
IL-3
IL-4
IL-5
IL-6
IL-7
IL-9
IL-10
IL-12
IL-13
IL-15
IL-16
IL-17
TNF-α
TNF-β
IFNα-2
IFN-y
CCL2
CCL3
CCL4
CCL5
CCL7
CCL11
CCL27
CXCL1
CXCL8
CXCL9
CXCL10
CXCL 12
CXCL 12α
CXCL13
G-CSF
GM-CSF
M-CSF
FGF-2
PDGFbb

Tateishi
et al.

Mitchell
et al.

ALS/ONDs

ALS/ONDs

ALS/ONDs

ALS/MMN

√

x
x
√

x
x
x
√

x
x
x
√

x
x
√

x
x
x
x
x
x
x
x
√

x
x
x
x
x
√

√

x
√
x
x
√

√

√

√
x
√
√

√
√
√
√
x
x
x

x
x
√
x
x
x
x
x
√
√
x
x
√

x
x
x
x
x
√

x
x
x
x
√

x
x
√

x
x
x
x
x
x
x
x
x
√

√

x
√

x
√

√
√

√
x

Italiani
et al.

Furukawa et al.

x
x
x
x
x
x
√

√

x

PMA/ONDs PMA/MMN
x
√
x
x
x
x
√
x
√
x
x
x
√

x
x
x
x
x
x
x
x
√

x
x
√

x
x
x
x
x
x
x
x
x
x
x
x
x
√

x
√

x
√

x
x
x
x
x
x
√

√

x

MMN/
ONDs

ALS/
ONDs

x
√

x
x
-

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Breville et al.
GBS/CIDP

Sainaghi et al.

Pietikäinen et al.

GBS/NIP

GBS/CIDP

GBS/Control

CIDP/Control

x
x
√

x
x
√

n.√e.

n.√e.

n. e.
x
n. e.
n. e.
x
n. e.
x
n. e.
x
n. e.
x
x
n. e.
n. e.
x
n. e.
x
n. e.
x
n.√e.

n. e.
x
n. e.
n. e.
x
n. e.
x
n. e.
x
n. e.
x
x
n. e.
n. e.
x
n.√e.

n. e.
x
n. e.
x
n. e.
n. e.
x
n. e.
x
n. e.
x
n. e.
x
x
n. e.
n. e.
x
n.√e.

n. e.
x
n.√e.

n. e.
x
n.√e.

n. e.
x
x
√

n.√e.

n.√e.

-

-

x
√
√
√
√

x
x
√

√
√

x
x
x
x
x

x
x
x
x
x

x
√
x
x
x
x
x
x

LNB/Control

LNB/MS

x
√
√

√
√
√

n. e.
x
√

n. e.
x
√

n.√e.
√
√
√
√
√

x
n.√e.
√
√
√
√
√

√

x
√

LNB/
TBE
x
x
x
n. e.
x
x
√
n.√e.
√
x
√
√
x
√

x
√
√
√

x
√

x
√
√

x
√
√

x
x
√

x
x
√

x
√

x
√

√

√

n.√e.
√
√
√
√
√

n.√e.
√
√
√
√
√

x
x
x
n.√e.

√
√
√
√

√
√
√
√

x
√
√

x
√
√

x
x
x
x
x
x
√

√

x
x
√
x
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Table 1. Cont.

Cytokines

VEGF
β2M
TNFR1
sIL-1R2
IL-33
sIL-1R4
IL-37
IL-18
IL-18BP
ICAM-1
VCAM1
SCF
LIF
MIF
SCGF-b
HGF
TRAIL
β-NGF

Tateishi
et al.

Mitchell
et al.

ALS/ONDs

ALS/ONDs

√

√

-

x
-

Italiani
et al.

Furukawa et al.
ALS/ONDs

ALS/MMN

x
x
-

x
x
-

PMA/ONDs PMA/MMN

√

√

√

x
-

-

MMN/
ONDs

ALS/
ONDs

x
x
-

x
x
x
x
√

√
-

Breville et al.
GBS/CIDP
-

Sainaghi et al.

GBS/NIP

GBS/CIDP

-

x
x
x
x
√
x
x
x
√
x
-

Pietikäinen et al.

GBS/Control

CIDP/Control

√

√

√

√

x
√

x
√

√

√

√

√

x
x
x
√

x
x
x
x
√

x
√
√

√
x
x
x
x
x
x
-

√
√

x
-

LNB/Control

√

LNB/MS

x
√
√

LNB/
TBE
x
x
x
x
x
x
x
x
x
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Tateishi et al. investigated cytokine concentration in the CSF of patients with sporadic
ALS (sALS), lower motor neuron disease (LMND), and of a control group with noninflammatory neurological diseases (ONDs) [37]. The ALS cohort always comprised
patients classified depending on their diagnosis into clinically definite or clinically probable.
In addition, patients were characterized by different onsets of ALS pathogenesis, like bulbar,
trunk, upper, and lower limb onset. For LMND and sALS, disease severity related to both
progression and development were determined using the ALSFRS-R score. As a control,
the OND group consisted of patients with e.g., cervical spondylosis, lumbar herniation,
sporadic and hereditary spinocerebellar atrophy. For the detection of 27 different cytokines
in CSF, Tateishi et al. used the multiplexed fluorescent bead-based immunoassay. They
were able to identify increased levels of fifteen cytokines in sALS compared to ONDs
(G-CSF, VEGF, CCL2, CCL4, CCL5, CCL11, CXCL8, CXCL10, TNF-a, IFN-y, IL-1β, IL-7,
IL-9, IL-12, IL-17). Among them, some could be related to clinical parameters. CCL2 and
CXCL8 showed a negative while VEGF and CCL4 revealed a positive correlation with
the ALSFRS-R score. CXCL10 and CCL4 exhibited a negative correlation with disease
progression rate and a positive correlation with disease duration. However, it was pointed
out that positive correlations of CCL2 with disease progression, which was also found
to be apparent in a previous study [60], was absent in the current study, probably due
to the study group composition. Moreover, CCL2 and CXCL8 displayed a positive and
VEGF a negative correlation with total CSF protein level. Thus, the authors suggested
that increasing CSF protein levels are linked to blood–brain barrier (BBB) damage. The
assumption that BBB permeability increases in context of ALS pathogenesis has already
yielded in many other studies [62–64] Interestingly, Tateishi et al. found no significant
differences between LMND and OND as well as between LMND and sALS.
Another study by Mitchell et al. also applied the multiplex bead-based immunoassay
for analysis of 27 cytokines and growth factors in CSF [38]. In relation to the previous
study from Tateishi et al., the cytokine panel differed slightly. Here, the control group
also contained individuals with ONDs. In addition to multiplex cytokine bead assay, an
enzyme-linked immunosorbent assay (ELISA) was used for determination of transferrin
and β2-microglobulin in CSF. To investigate the frequently postulated association between
H36D polymorphism in the hemochromatosis gene (HFE), all patients in this study were
also genotyped for H36D and C282Y HFE. Results showed that all cytokines except for IL-1
were detected. In addition, thirteen differential cytokines, among them eleven increased in
ALS and two in OND, were observed (IL-6, GM-CSF, IL-2, IL-15, IL-17, CCL4, FGF basic,
G-CSF, VEGF, CCL3, CCL2; IL-10, IFN-y). Those with the most significant p-value were
IL-6, GM-CSF, IL-10, IL-2, and IL-15. The elevated values of IL-17, CCL4, G-CSF, VEGF, and
CCL2 are consistent with the results of the previous study. Surprisingly, the five markers
with the most significant p-values do not show any correspondence. Authors pointed out
that some of these markers are involved in microglia pathways, lymphocyte activation,
and cell proliferation, therefore confirming the association between ALS pathogenesis
and CNS inflammation. However, for systematic analysis of the correlation between
HFE variants and CSF cytokine profiles, all individuals were grouped based on their
genotypes (homo- and heterozygotes were clustered as one). H63D HFE variation is highly
associated with familial ALS and, similarly to C282Y HFE, causes cellular iron accumulation.
Patients carrying an H63D HFE variant compared to wild type controls showed enhanced
concentrations of β-2 microglobulin and CXCL8. In contrast, subjects with the C282Y HFE
allele demonstrated elevated levels of IL-7, IL-12, and PDGF bb. Interestingly, CXCL8, IL-7
and IL-12 exhibited elevated levels in ALS compared to OND in the study reported by
Tateishi et al., therefore the relation between HFE variants remains unclear.
A further study by Furukawa et al. evaluated the cytokine profiles of patients with
progressive muscular atrophy (PMA), ALS, and multifocal motor neuropathy (MMN) [30].
Due to the fact that all three diseases share similar pathological features and are difficult to
distinguish from each other, misdiagnosis often occurs [65,66]. Thus, the purpose of this
study was to investigate potential differences in CNS inflammation between MMN, PMA,
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and ALS. A group of patients with ONDs was used as control. Through the assumption,
that PMA is often considered a variant of ALS, authors reviewed and compared clinical
data from both groups. Criteria for differentiation of ALS from PMA included the presence
of upper motor neuron (UMN) signs and symptoms, electrophysiologic indications of
LMN involvement, no conduction block, disease duration under five years, and, especially
for ALS, the El Escorial criteria. Furukawa et al. emphasized that the clinical profiles
of PMA and ALS do not overlap and thus are comparable. For their approach they also
used a multiplex bead array assay and thereby discovered 27 cytokines in serum and
CSF samples. Additionally, for detection of soluble TNF receptor (TNFR1), an ELISA
kit was used. Association of CSF cytokine profiles with clinical data showed that IL-4
and CCL11 appeared to be associated with a lower ALSFRS-R score. In contrast, IL-10
demonstrated a correlation with an elevated ALSFRS-R score, indicating presence of mild
symptoms. Results of CSF cytokine profiles showed increased levels of seven cytokines
in ALS compared to ONDs: CCL11, IL-17, PDGF-BB, G-CSF, FGF-2, IL-4, and IL-7. Both
previous studies were also able to determine enriched values of IL-17, G-CSF, and IL-7.
Concentrations of IL-17 and G-CSF measured by Tateishi et al. and Furukawa et al. were
highly variable (IL-17 varies between 2.7 +/− 0.194 and 32.1 +/− 54.0, G-CSF between
9.670 +/− 0.484 and 27.6 +/− 43.8), whereas those of IL-7 seemed to be very stable
(1.495 +/− 0.075 and 1.6 +/− 1.9). In contrast, PDGF-BB and IL-4 were also measured
within the previous studies but showed elevated levels in the present implementation only.
FGF-2 and CCL11 were also measured in all observations but could be identified as elevated
in ALS in just two of them. While VEGF was found by Tateishi et al. and Mitchell et al.
as significantly increased in ALS, in this study VEGF showed predominantly elevated
values in PMA, yet also slightly enhanced in ALS. CCL4, CCL3, and CCL2 were reported
to be significantly changed in the study by Mitchell et al., and CCL2 and CCL4 were also
changed in Tateishi et al. However, in the previous comparison, no increase was found to
be specific to ALS. Additionally, comparison with other motor neuron disease illustrates
that the majority of cytokines regulated in ALS react similarly in patients with PMA. To
conclude, the authors highlighted that PMA and ALS showed similar CSF cytokine profiles
making them difficult to distinguish from each other.
The approach of Italiani et al. focused on specific analysis of the interleukin-1 family in
ALS. In general, the IL-1 family comprises eleven cytokines, including receptor antagonists
and pro- and anti-inflammatory molecules [39]. Here, the study investigated four IL-1
family mediators (IL-1β, IL-18, IL-33, IL-37) and their endogenous inhibitors (IL-1Ra, sIL1R2, IL-18BP, sIL-1R4) in serum and CSF. Overall, the cytokine panel is quite different
from the other studies mentioned here. IL-1β and IL-1Ra are the only ones that were
also measured by the previous studies, but only IL-1β was described in one study as
significantly changed in ALS. Italiani et al. highlighted that to evaluate a cytokine’s
biological effect, it is essential to measure its inhibitor, since only the free form remains
active. Clinical data were used from 125 CSF samples from 54 sporadic ALS patients. In this
study, the ALSFRS-R score was also used for clinical assessment of ALS patients. Serum
(n = 40) and CSF (n = 65) samples from individuals with non-inflammatory diseases were
used as controls. Here, ELISA was used exclusively as a cytokine assay. Based on results
of this study, it appears that many interleukins and their inhibitors, such as IL-1β, IL-37,
IL-1Ra, and IL-36 were often not detectable in all samples. A significant increase was only
detected for IL-18 (p < 0.0001) and IL-18BP (p < 0.0001) in serum of sALS. The authors
linked the elevated IL-18 levels to the inflammasome complex and accordingly to caspase-1
activity, which is as well increased in SOD 1 mouse model of ALS. The fact that increased
caspase-1 activity is usually accompanied by an enhanced level of IL-1β, which is missing
in this study, was therefore described by the authors as a more local tissue-related outcome
and therefore not detectable in body fluids. The lack of detection of some cytokines and
their inhibitors in serum or CSF underlines this assumption.
In conclusion, a transferable and distinct CSF or serum cytokine analysis in ALS
appears to be quite challenging. Through comparison of the studies mentioned here, it
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becomes evident that many of the measured cytokines do not always appear to be differentially regulated. In addition, the findings by Furukawa et al. [30] pointed out that many
of the cytokines that emerged as markers for ALS reveal similar activity in patients with
PMA [67–69]. Therefore, it is crucial to identify potential biomarker candidates. In the case
of a few selected cytokines, such as G-CSF or IL-17, the same pattern can be observed consistently. Detailed information can be found in Table 1. This table also allows the recognition
of several interesting cytokine expression patterns; IL-1ra shows no significant differences
between ALS and controls, but in the comparison between inflammatory diseases, such
as MMN, GBS, or LNB and controls. IL-13 alone showed a significant difference in LNB
compared to controls and MS, while in the other comparisons no significant difference
was found. G-CSF displayed significant differences in the comparison of the degenerative
diseases and LNB, whereas in the comparison of the demyelinating diseases no changes
were detected. These findings suggest distinct roles of specific cytokines in the different
diseases, potentially leading to unique answers of the immune system. For further studies
and comparative results, common cytokine panels, utilization of related study cohorts,
and additional comparison with other neurodegenerative diseases will be necessary to
elucidate the involvement and specificity of cytokines in ALS pathogenesis.
3.2. TDP-43
TDP-43 (TAR DNA-binding protein 43) is a 414-amino acid nuclear protein that
is highly conserved across species and is ubiquitously expressed in tissues, including
heart, lung, liver, spleen, kidney, muscle, and brain [70]. Its physiological functions
are highly versatile as it binds to single strand DNA, RNA, and proteins to regulate
transcription, translation, mRNA transport and stabilization [71,72]. In addition TDP-43
is further capable of assembling into stress granules, indicating its protective role against
cell stress [73]. On the other hand, pathological hyper-phosphorylated and ubiquitinated
TDP-43 was found to deposit as inclusion bodies in the brain and spinal cord of patients
with the motor neuron disease ALS and frontotemporal lobar degeneration (FTLD) [74]. In
fact, numerous mutations in the TDP-43 encoding gene TARDBP have been found to be
associated with ALS and FTLD [75], mainly leading to an increased protein aggregation,
enhanced cytoplasmic mislocalization, altered protein stability, and a stronger resistance to
proteolytic breakdown. A detailed description of pathological mechanisms induced by the
misfolding of TDP-43 can be found in the following review and will not be further discussed
here [76]. In addition to mutations in the TDP-43 encoding gene, numerous other gene
mutations have also been linked with ALS [76–82]. Although the pathological hallmark
of TDP-43 aggregation is commonly associated with ALS and FLTD, TDP-43 positive
inclusions have been observed in a variety of neurodegenerative disorders [83–85]. Recently,
effort has been made to verify if TDP-43 may serve as a potential biomarker candidate
for ALS, potentially facilitating the currently complicated diagnosis. Quantification of
TDP-43 levels in CSF from patients with ALS, FTLD, and various other neurological
disorders was achieved using different biochemical techniques resulting in contradictory
recommendations on whether TDP-43 may serve as a biomarker for the diagnosis of
ALS and differentiating it from other neurological diseases. A detailed description of
cohort selection size and composition, body fluid, as well as used technique/antibody and
detected TDP-43 levels can be found in Tables 2 and S2.
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Table 2. Information on cohort selection size and composition, body fluid, as well as used technique/antibody and detected TDP-43 levels among the assessed studies. Abbreviations:
ALS = amyotrophic lateral sclerosis, FTLD = frontotemporal lobar degeneration, GBS = Guillain Barré syndrome, MS= multiple sclerosis, PD = Parkinson’s disease.
Paper

Cohort Size and Composition

Body Fluid

Marker

Method for TDP-43

Kasai et al., 2009

30 ALS, 29 controls (13 controls,
16 disease controls)

CSF

TDP-43

Sandwich ELISA (Nunc
MaxiSorp, Xat-bottom
96-well Black MicroWell
plate, Roskilde, Denmark)

Noto et al., 2010

27 ALS, 50 disease controls
(15 PD, 15 MS, 20 GBS)

CSF

TDP-43

Sandwich ELISA (Nunc
MaxiSorp, Xat-bottom
96-well Black MicroWell
plate, Roskilde, Denmark)

Hosogawa et al., 2014

13 ALS, 7 GBS

CSF

TDP-43

Sandwich ELISA (Nunc
MaxiSorp, Xat-bottom
96-well Black MicroWell
plate, Roskilde, Denmark)

Steinacker et al., 2008

15 ALS, 12 FTLD, 9 ALS + FTLD,
3 ALS + frontal disinhibition,
13 controls

CSF

TDP-43

Immunoblot

Feneberg et al., 2014

9 ALS, 4 FTLD, 8 controls

CSF, Plasma
and Brain

TDP-43

Immunoblot

Antibody
anti-TDP-43 monoclonal antibody, detection
antibody, anti-TDP-43 rabbit polyclonal antibody
(10782-2-AP, ProteinTech Group, Chicago, IL, USA),
raised against a recombinant protein
corresponding to residues 1–261 of human TDP-43
(H00023435-M01, clone 2E2-D3, Abnova
Corporation, Walnut, CA, USA), detection
antibody, anti-TDP-43 rabbit polyclonal antibody
(10782-2-AP, ProteinTech Group, Chicago, IL, USA)
anti-TDP-43 monoclonal antibody
(H00023435-M01, clone 2E2-D3, Abnova
Corporation, Walnut, CA, USA), detection
antibody, anti-TDP-43 rabbit polyclonal antibody
(10782-2-AP, ProteinTech Group, Chicago, IL, USA)
monoclonal antibody, clone 2E2-D3 (Abnova Corp.,
Taipei, Taiwan), for capture and a rabbit polyclonal
antibody (catalog code 10782-2-AP, ProteinTech
Group Inc., Chicago, IL, USA) for detection.
Affinity purified polyclonal rabbit antibody raised
against amino acids 1 through 260 of recombinant
TDP-43 (1:2000 and 1:10,000 to 1:1000; Proteintech
Group Inc, Chicago, IL, USA), Monoclonal TDP-43
antibody clone 2E2-D3 specific for amino acids 205
through 25517 (1:1000; Abnova, Taipei City,
Taiwan). Polyclonal rabbit antisera raised against
N-terminus amino acids 6 through 24 or against
C-terminus amino acids 396 through 414 of TDP-43
(1:5000 for both)
Antibodies against different TDP-43 epitopes
(N-terminus, C-terminus, and aa 205–222), against
calnexin, GP Ib-V-IX and flotillin-1. Standard
(human Jurkat cells and murine neuroblastoma
(N2A) cells were used)

Results TDP-43 ng/mL

ALS: 6.92 +/− 3.71; Control:
5.31 +/− 0.94

ALS: 29.5 +/− 15.5; Control
PD: 19.7 +/− 6.6, Control
MS: 13.7 +/− 9.0, Control
GBS: 16.7 +/− 7.5
ALS: 1.68 +/− 0.15;
GBS: 1.05 +/− 0.13

not applicable

not applicable
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Most commonly, ELISA was used for TDP-43 concentration determination. Early studies initially focussed on whether the concentration of TDP-43 in CSF of healthy individuals
differed significantly from ALS patients [32]. Kasai et al. pointed out that, as a group,
ALS patients showed significantly higher CSF levels of TDP-43 than age-matched controls.
However, levels of TDP-43 reached an upper confidence level beyond 95% in only six ALS
patients out of 30 (20%). All six patients were examined within 10 months of disease onset,
all other patients instead were examined after 11 months from the onset of illness. This
leads to the suggestion that TDP-43 levels in CSF may mainly be increased in early stages
of ALS.
A second study referring to the first one described above set out to determine if
TDP-43 levels were able to distinguish between ALS and other common neurodegenerative
disorders, such as Parkinson’s disease, multiple sclerosis and Guillain-Barré syndrome
(GBS) [31]. Using the same ELISA method, Noto et al. were able to verify that CSF TDP-43
levels in ALS patients were significantly higher than for all other neurodegenerative disorders analysed (ROC analysis showed a sensitivity of 59.3% and a specificity of 96.0%).
Interestingly, no significant differences were found in CSF TDP-43 levels among the different neurodegenerative disorders. The authors of this study were not only able to verify that
the level of CSF TDP-43 is a factor in distinguishing ALS from other neurological diseases
but were also able to establish a dependency between survival rate and the level of TDP-43.
The survival time of patients with CSF TDP-43 levels > 27.9 ng/mL (n = 12) was longer
than for those patients with CSF TDP-43 levels < 27.9 ng/mL (n = 15) from the time of CSF
collection, leading to an independent prognostic factor of survival. Authors additionally
stated that age, site of onset, gender and disease duration were not significantly related
to survival time. Therefore, the hypothesis stated by Kasai et al. that early onset ALS
patients may exhibit a higher concentration of TDP-43 in CSF could not be confirmed in
the second study.
A third study aimed to differentially diagnose ALS patients from GBS by quantitative
determination of TDP-43 in the CSF, again using an ELISA-based approach [33] (detailed
information on cohort selection size and composition, as well as used technique/antibody
and detected TDP-43 levels can be found in Table 2). As a proof of principle, Hosokawa et al.
used supernatant of cultured cells transfected with various TDP-43 constructs to confirm
the ELISA assay. In the subsequent analysis of the patient samples, they were able to clearly
establish that the concentrations of TDP-43 in the CSF of ALS patients were significantly
higher than those of patients with GBS, reaching a sensitivity of 71.4% and a specificity
of 84.6%. Additionally, they were able to confirm that there was almost no association
between TDP-43 levels and age in either group.
As an alternative to ELISA, TDP-43 specific immunoblotting was also conducted [35],
enabling the use of different TDP-43 antibodies: monoclonal TDP-43 antibody specific for
amino acids 205 through 255, polyclonal antibody against the N-terminal amino acids 6
through 24, and polyclonal antibody against the C-terminal amino acids 396 through 414 of
TDP-43. In this study, patients were either diagnosed with ALS or FLTD, a highly similar
neurodegenerative disorder with several common hallmarks, or a combined diagnosis of
ALS and FLTD and compared to a control group (detailed information on cohort selection
size and composition, as well as used technique/antibody and detected TDP-43 levels
can be found in Table 2). With their multi-antibody-based approach, Steinacker et al.
confirmed that the polyclonal TDP-43 antibodies recognized a 45 kDa band in all analyzed
samples. The two monoclonal and N-terminus–specific antibodies, however, did not detect
any specific bands, but C-terminus–specific antibodies detected the 45 kDa band and
additional bands at approximately 20 kDa in all CSF samples. Relative quantification of
45 kDa bands revealed significant differences among the diagnostic groups and again no
correlation between patient age and 45 kDa TDP-43 levels could be detected supporting
the ELISA-based analyses. Authors pointed out, that there was a wide variation of TDP-43
levels among all CSF samples (n = 53) analysed. TDP-43 levels ranged from 7% to 164%
(median = 60%) in the ALS group, 26% to 92% (median = 63%) in the FTLD group, 9%
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to 105% (median = 24%) in the ALS plus FTLD group, and 5% to 79% (median = 28%)
in the control group. Two of three patients in the ALS plus additional signs of frontal
disinhibition (DI) group had low TDP-43 levels (16% and 17%), whereas one patient had a
level of 100%. Nevertheless, statistical analysis revealed significant differences among all
tested groups (p = 0.046), resulting in the hypothesis that TDP-43 levels were increased in
the ALS and FTLD groups compared with controls (p = 0.03 and p = 0.02, respectively).
A second study utilizing Western immunoblotting for TDP-43 identification stated
that free TDP-43 may only have a limited role as a diagnostic tool and suggested isolating
exosomes out of CSF samples as an additional source for a potentially accurate TDP-43
concentration analysis. In the described study, Feneberg et al. investigated combined CSF
and serum samples, blood lymphocytes, brain material, and purified exosomes from CSF
for TDP-43 by one- (1D), and two-dimensional (2D) Western immunoblotting (WB) and
targeted mass spectrometry (multiple reaction monitoring (MRM)) in patients with ALS,
FTLD and, non-neurodegenerative diseases [34]. CSF/blood ratios of TDP-43 were used
to determine whether TDP-43 is mainly blood derived taking CSF/blood ratios of similar
molecular weight as control. WB analysis clearly detected a 45 kDa band by N-terminal
TDP-43 antibody in CSF and serum from patients and controls. In addition, two bands
of higher intensity in the range of 50 kDa and 55 kDa were detected. Confirmation of
specific binding was achieved using a C-terminal antibody against detecting the specific
45 kDa band in CSF samples. Strikingly, similar signal intensities for TDP-43 in serum and
CSF could be observed. In addition, brain material of ALS patients with positive TDP-43
pathology was assessed. A positive signal at around 45 kDa and 50 was detected, while
no pathological 20 kDa could be observed in contrast to the study discussed before. 2D
WB analysis of samples additionally offered the possibility to detect post-translational
modifications, as they play a major role in TDP-43 aggregation. Here, similar spot patterns
in the CSF and serum of the ALS patients, but also in those of the control patients, were
found. Post-translational modifications of TDP-43 were found to be similar in CSF, whole
blood, and blood lymphocytes. In the brain material with TDP-43 pathology instead an
additional higher spot pattern at about 50 kDa shifted to a more acidic isoelectric point
(pI), potentially representing the phosphorylated TDP-43. As no pathological alteration
could be confirmed in CSF, the authors assumed that the majority of CSF TDP-43 may
not the pathologically altered. Nevertheless, no overall quantitative assessment of WB
intensities was used for concentration determination of TDP-43. Instead, exosomes isolated
out of CSF from ALS patients and controls were used to determine concentrations of
non-blood-derived TDP-43. TDP-43 could be identified via WB in purified exosomes
irrespective of diagnostic groups. Mass spectrometric MRM analysis of exosome derived
TDP-43 resulted in no significant differences between the diagnostic groups. Still, authors
stated that the established MRM technique has to be further refined and optimized with
regard to pathologically altered TDP-43.
In summary, TDP-43 cannot yet be utilized as a biomarker for the differentiation and
diagnosis of ALS compared to other neurological diseases and healthy individuals. On
the one hand, the different ELISA- and immunoblot-based studies show high variations
in the CSF TDP-43 detected concentrations, which may be caused by interfering high
abundant proteins such as immunoglobulins and albumin hampering a good antibody
binding efficiency [86]. On the other hand, no pathological forms of the TDP-43 protein
were routinely included in the analyses. One way to optimise and validate the currently
available assays would be to improve antibody specificity. Additionally, the currently
existing assays should be established for pathologically relevant forms of TDP-43, by
specifically enriching the hyperphosphorylated form. Further targeted mass spectrometry
could be a promising method, as it could not only determine the absolute concentration
of TDP-43 in various body fluids and tissues, but also determine the ratio of pathological
TDP-43 and the non-phosphorylated form.
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3.3. Neurofilaments
To date, neurofilament light chain (NfL) and phosphorylated neurofilament heavy
chain (pNfH) are identified as the most promising candidate biomarkers for predicting
ALS. In general, neurofilaments (Nfs) represent intracellular intermediate filaments in the
central and peripheral nervous system. In neurons, their highly elastic abilities contribute
to control axonal diameters, ultimately resulting in the modulation of neuronal response
to stimuli [87]. Nf protein assemblies can include several subunits, among them the NfL,
the neurofilament medium chain (NfM) and the NfH. Disruption of the Nf organization
was found to be one of the key characteristics of many neurological conditions [88–90].
Therefore, in recent years emerging evidence suggested that the abundance of NfL and
pNfH in CSF and plasma correlates with ALS [43,91–95]. Hence, various studies focused on
determining whether both Nfs might inherit a potential as ALS biomarkers. In this review,
we will focus on recent studies conducted in the last 5 years, analyzing large ALS cohorts
with a focus on CSF. All studies focused on determining NfL and pNfH concentration via
ELISA assays, several using assays provided by the same vendors enabling a good starting
point for the direct comparison of derived data. Detailed information on cohort selection
size and composition, body fluid, as well as used technique/antibody and detected NfL
and pNfH levels among the assessed studies can be found in Tables 3 and S3.
Poesen et al., and Rossi et al., both evaluated large ALS patient cohorts alongside
neurological disease controls and partially ALS disease mimics [29,41]. Nevertheless,
Poesen et al., included ALS patients harboring a mutation in known ALS-causing genes,
such as C9orf72, SOD1, FUS and TARDBP. Both studies used identical ELISA assays for the
subsequent concentration determination of NfL and pNFH. Both studies independently
detected a significantly higher concentration of NfL and pNfH in ALS patients ranging
from 4700 pg/mL in [41] to 9427 pg/mL in [29] for NfL and 1700 pg/mL in [41] and
2366 pg/mL in [29] for pNfH. However, Rossi et al. stated that only the comparison
between ALS and CTRL 1 (includes patients with ALS-mimic diseases) reached significance
for pNfH. Poesen et al. subsequently stated that pNfH levels were found to be superior to
differentially diagnose ALS patients from disease mimics resulting in a sensitivity of 90.7%
(CI 84.9%–94.8%) and a specificity of 88.0% (CI 75.7%–95.5%). They could further predict
that CSF pNfH and NfL were able to discriminate patients with fast from those with slow
disease progression, albeit with rather poor performance characteristics.
Delaby et al. instead solely focused on determining the concentration of NfL using
the same kit as described in the previous two studies. Again, NfL levels of ALS patients
were compared with a variety of other neurological disorders (see Table 3) [40]. NfL levels
again were found to be the highest in ALS patients detecting an NfL concentration of 2953
pg/mL. They could additionally conclude that CSF levels were positively correlated with
age and were associated with sex.
Besides the commercially available ELISA kits, Olsson et al. designed an in-house
ELISA using 2 NfL monoclonal antibodies [42]. They were able to determine NfL concentrations of ALS patients as well as healthy controls and patients with a variety of neurological
disorders (Table 3). Again, they could conclude that NfL concentrations were highest
in participants with ALS with a median (range) of 4185 (2207–7453) pg/mL, followed
by patients suffering from FTD with a median (range) of 2094 (230–7744) pg/mL, both
reaching statistical significance. Olsson et al. further correlated their NfL derived data with
TDP-43 load in 17 brain regions in the 60 patients from whom data were available. Here,
they were able to find a positive, statistically significant correlation between CSF levels of
NfL and TDP-43 load in 13 of 17 brain regions (76.4%).
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Table 3. Information on cohort selection size and composition, body fluid, as well as used technique/antibody and detected neurofilament light chain (NfL) and phosphorylated
neurofilament heavy chain (pNfH) levels among the assessed studies. Abbreviations: AD = Alzheimers disease, ALS = amyotrophic lateral sclerosis, CS = corticobasal syndrome,
DC = disease controls, DLB = dementia with Lewy bodies, DM = disease mimics, DS = down syndrome, MCI = mild cognitive impairment, PD = Parkinson’s disease, PSP = progressive
supranuclear palsy, PDLB = prodromal dementia with Lewy bodies.
Paper

Cohort Size and Composition

Body Fluid
CSF

Marker

Method for NfL, pNfH

Results pNfH pg/mL

Results NfL [pg/mL]

NfL,
pNfH

ELISA kits for pNfH (Biovendor, Brno, Czech Republic;
RD191138300R, average test-retest variance of 6.8%)
and NfL (UmanDiagnostics AB, Umea, Sweden;
UD51001, average test-retest variance of 4.9%).

ALS: 2366 (114–18,089), DC: 289
(24–18,740) DM: 296 (24–7049)

ALS: 9427 (370–108,909). DC: 1790
(262–53,677), DM: 1407 (613–36,597)

ALS:1700 (760–3170), CTRL 1: 30
(0.00–320) CTRL 2: 820
(0.00–3470)

Poesen et al., 2017

220 ALS, 316 DC, 50 DM

Rossi et al., 2018

190 ALS, 130 mixed neurological
diseases CTRL-1
(non-inflammatory neurological
diseases), CTRL-2 (patients with
acute/subacute inflammatory
diseases and tumors)

CSF

NfL,
pNfH

Single-batch ELISA kits for NF-L assays (iMyBioSource
San Diego, USA and UmanDiagnostics AB, Umeå,
Sweden). For pNF-ELISA kit from BioVendor Research
and Diagnostic Product, Czech Republic)

Olsson et al., 2018

68 ALS, 75 controls, 114 patients
with MCI, 397 AD, 96 FTLD,
41 PD, 19 PD with MCI, 29 with
PD dementia, 33 LBD, 21 with CS,
20 with progressive supranuclear
palsy (PSP)

CSF

NfL

In-house ELISA (2 NFL mouse monoclonal antibodies
(NFL21 and NFL23))

not tested

Delaby et al., 2020

46, ALS, 118 Controls, 116 AD,
47 DS, 56, FTD, 37 DLB, 26 PDLB,
26 CS, 12 PSP

CSF

NfL

ELISA kit (NF-light, UMAN DIAGNOSTICS,
Umea, Sweden)

not tested

Oeckl et al., 2016

Multicenter study (15 centers,
5 ALS patients each (150 ALS
patients in total), DC (details on
composition in each center can be
found in the respective paper)

CSF

NfL,
pNfH

De Schaepdryver et al., 2017

85 ALS, 215 DC, 31 DM

CSF and
Plasma

pNfH

ELISA (pNfH: BioVendor GmbH; NfL: IBL
International), Two aliqouts per sample One analysed
at Neurochemical Laboratory at the Department of
Neurology in Ulm and the other at the department of
metabolic biochemistry, Hôpitaux Universitaires Pitié
Salpêtrière-Charles Foix, Paris.
ELISA for pNfH concentrations (Euroimmun AG,
Lübeck, Germany). ELISA from Biovendor
(RD191138300R, Brno, Czech Republic), from
83 patients with ALS and 213 controls were used from
the previous publication, 9 to perform a paired method
comparison with the IVD ELISA from Euroimmun.

MyoBioSource kit: ALS: 2140
(1350–3300), CTRL 1: 2040 (1250–3390)
CTRL 2: 3090 (1120–4590);
UmanDiagnostics kit: ALS: 4700
(760–3170) CTRL 1: 300 (0.00–320)
CTRL 2: 820 (0.00–3470)
ALS: 4185 (2207–7453), CTRL: 536
(398–777), MCI: 831 (526–1075), AD: 951
(758–1261), FTD: 1873 (830–2588), PD:
619 (526–840), PD MCI: 779 (464–1021),
PD dementia: 981 (679–1722), DLB: 991
(695–2139), CBS: 1281 (828–2713), PSP:
1578 (1287–3104)
ALS: 2953 (1664–4250), CTRL: 411
(343–567), AD: 940 (765–1229), DS: 349
(196–464), DS + AD: 955 (664–1497),
FTLD: 1240 (859–2378), DLB: 1135
(803–1321), PDLB: 934 (643–1094), CBS:
1637 (923–2797) PSP: 1422 (1034–1727)

ALS: 1773.2 (average centers,
Ulm), CTRL 476.3 (average
centers, Ulm), ALS: 1755.1
(average all centers, Paris), CTRL
288.8 (average centers, Paris)

ALS: 4148.6 (average all centers, Ulm),
CTRL 284.2 (average from all centers,
Ulm) ALS: 11,577.2 (average all centers,
Paris), CTRL 1242.4 (average from all
centers, Paris)

ALS: 2451 (314–17,247); DC: 281
(20–13,669)

not measured
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An ambitious study evaluating the comparability and reproducibility of NfL and pNfH
determination via ELISA assay carried out by Oeckl et al. set out to test ALS patient and
control CSF samples from 15 different centers in a multicenter study [28]. All samples were
analyzed in two different laboratories using identical ELISA kits, providing an elaborate
view on data reproducibility among cohorts and laboratories. This paved the way for a
clear recommendation, whether an ELISA-based concentration determination of NfL and
pNfH may function as a valuable diagnostic marker for ALS. Measured concentrations
in ALS patients were comparable between most centers and inter-laboratory variation
of measurements was stated to be acceptable for pNfH. Although samples were slightly
differently treated in the different centers, a high diagnostic performance was reached for
pNfH and NfL, confirming the calculated cut-off value of 568.5 pg/mL, which was similarly
achieved in a previous single center study analyzing over 450 ALS patients [36]. The
authors stated that the observed consistency of Nf concentrations in ALS patients among
all centers indicates that efforts at optimization and standardization of CSF collection and
processing results in robust and reproducible results. Nevertheless, authors clearly stated
the limitations of their study and several factors needing further optimization, such as
sample sizes, different preanalytical conditions, and patient characteristics. Additionally,
the authors hypothesized that NfL autoantibodies regularly detected in CSF of ALS patients
may potentially lead to inter-individual and between-center variations.
Besides CSF-based studies to elucidate the concentration of NfL and pNfH, the majority of studies focus on determining plasma-derived pNfH concentrations, enabling a less
invasive method to predict ALS diagnosis. One particular study we want to focus on in
our review is a plasma and CSF combined study conducted by De Schaepdryver et al. The
authors examined 85 ALS patients, 215 patients with various other neurological disorders
(disease controls, DC), and 31 ALS mimics enlarging the so far conducted studies by a
clear recommendation whether NfL and pNfH are able to distinguish between ALS and
clinically highly similar disorders, such as Kennedy disease or motor neuropathy [43].
Authors could first determine that NfL and pNfH CSF levels were always identified as
being higher than serum levels, reaching a magnitude of over 10 fold. Still, both CSF and
serum pNfH concentrations of ALS patients were both found to be significantly increased
compared to DC and ALS mimics. Even early stages of ALS could safely be differentiated
between the two control groups in serum and CSF. Still, ROC curve analyses showed that
the sensitivity and specificity of discrimination was found to be higher for CSF. Hence,
the authors concluded, that serum pNfH concentrations showed a larger overlap between
patients with ALS and disease controls or ALS mimics than CSF pNfH concentrations. As
a consequence, CSF pNfH determination performs better when discriminating between
patients with ALS and ALS mimics.
Additionally, studies comparing plasma/serum and CSF levels of either NfL or pNfH
came to similar conclusions [92,94]. However, Gong et al., stated that CSF NfL concentration
determination could even be replaced by serum-based analyses for the assessment of
damage to motor neurons and axons, as their data showed a strong correlation of NfL
levels in both body fluids. Other studies claimed that NfL concentrations in plasma and CSF
may be superior to determine disease severity, progression, and survival than prognosing
ALS in patients [27,96].
Combining hypotheses and results raised and determined in the aforementioned
studies, NfL and especially pNfH have been developed as reproducible and sensitive
prognostic markers distinguishing ALS from healthy people but also from patients suffering
from different neurological disorders and ALS mimics. Still, we have to point out that
factors, such as the usage of different body fluids, different cohort compositions, varying
protocols for body fluid withdrawal and collection, and patient specific parameters such
as mutations and autoantibodies may alter the specificity of the results. Nevertheless, all
studies displayed promising and comparable results using ELISA assays for the diagnosis
of ALS in large cohort studies.
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4. Peripheral Neuropathies
Peripheral neuropathies summarize a multitude of diseases that affect peripheral
motoric, sensory and/or autonomic nerves. Usually, a distinction is made by the pattern
found in nerve conduction studies into axonal or demyelinating neuropathies. Causes can
be, for example, metabolic, toxic, inflammatory, hereditary, or paraneoplastic [26]. Due to
this variety of causes, an elaborated differential diagnosis is crucial to find a causal therapy.
We here present new approaches in CSF-based biomarkers that could ease this differential
diagnosis in selected neuropathies.
4.1. Guillain-Barré Syndrome
Guillain-Barré syndrome usually presents with an acute ascending palsy and sensory
loss, often following respiratory or gastrointestinal infections [26]. The diagnostic is based
on typical clinical and electrophysiological findings, as well as the typical CSF finding of
cytoalbuminologic dissociation with elevated albumin and a normal cell count. A therapy
is usually administered by intravenous immunoglobulins or plasma exchange. Electrophysiological examinations usually show a demyelinating pattern, which is referred to as acute
inflammatory demyelinating polyneuropathy (AIDP). In about 5% of cases in European
and North American populations, axonal degeneration is the predominant finding [97],
which is called acute motor axonal neuropathy (AMAN). Axonal GBS often has prolonged
and incomplete recovery. To evaluate clinical severity, usually a Hughes functional score
(GBS disability scale score) is used. For example, an F-score of 0 corresponds to healthy,
3 describes the ability to walk 5 m with help and an F-score of 6 refers to death [98]. Another
system of clinical evaluation is the Medical Research Council grading system (MRCS), in
which muscle strength in upper arm abductors, elbow flexors, wrist extensors, hip flexors,
knee extensors, and foot dorsal flexors is graded and summed up by the following system:
0 = paralysis, 1 = trace of muscle contraction, 2 = muscle movement is possible with gravity
eliminated, 3 = muscle movement is possible against gravity, 4 = muscle strength is reduced
and 5 = normal strength [99]. The Overall Disability Sum Score (ODSS) rates motor function
from 0 (no symptoms) to 10 (bound to wheelchair and unable to use both arms) [100].
4.1.1. Neurofilaments
The above mentioned neurofilament light chain (NfL) and phosphorylated neurofilament heavy chain (pNfH) are intracellular proteins that are found in the CNS as well as in
the peripheral nervous system. They were not only evaluated as biomarkers in ALS but
also in GBS. This circumstance already suggests a possible pitfall that the differentiation
of diseases might not be eased by this marker. An overview of the evaluated studies is
displayed in Table 4.
Petzold et al. investigated NfH CSF levels in 23 patients with GBS using a standard
ELISA [101]. The upper normal level was set with 0.73 ng/mL. The abundance of axonal
degeneration was investigated by nerve conduction studies and electromyography. Patients
were assigned to two groups according to those findings. CSF NfH levels were compared
between patients with axonal degeneration and demyelination. It could be shown that
patients with electrophysiological signs of axonal degeneration had a 12.5-fold higher CSF
NfH level compared to patients with a demyelinating pattern (1 ng/mL vs. 0.08 ng/mL,
p = 0.0135). Outcomes were measured using both the Medical Research Council grading
system (MRCS) and the F-score. Patients with elevated NfH CSF levels (>0.73 ng/mL) had
a worse outcome (F-score ≥ 2 (odds ratio 14.40, 95% CI: 1.38 to 150.81), MRCS ≤ 45 (odds
ratio 15.00, 95% CI: 1.33 to 169.87), NfH levels correlated with the final F-score (R = 0.47,
p = 0.024) and MRCS (R = −0.57, p < 0.01).
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Table 4. Information on cohort selection size and composition, body fluid, as well as used technique/antibody and detected TDP-43 levels among the assessed studies. Abbreviations:
AIDP = acute inflammatory demyelinating polyneuropathy, AMAN = acute motor axonal neuropathy, CIDP = chronic inflammatory demyelinating polyneuropathy, GBS = Guillain Barré
syndrome, NfH = neurofilament heavy chain, NfL = neurofilament light chain, pNfH = phosphorylated neurofilament heavy chain, OND = other neurological disorders.
Paper

Cohort Size and Composition

Other Criteria

Marker

Method

Results

Petzold et al., 2006

23 GBS patients
38 GBS patients, 38 controls with other
neurological conditions

Pattern, Outcome

NfH

ELISA

Outcome

NfH

NfH level correlates with axonal degeneration and worse outcome
Higher levels in group with poor outcome. NfH > 0.73 ng/mL
predicts poor outcome
pNfH higher in AMAN than in AIDP, Correlation between pNFH and
outcome in AMAN
Higher levels of NfH seem to be associated with a poor outcome
Poor outcome in patients with NfL levels over 10,000 ng/L

Petzold et al., 2009
Wang et al., 2012

11 AIDP, 11 AMAN, 10 OND

Dujmovic et al., 2016
Axelson et al., 2018

3 GBS patients
18 GBS patients
GBS (N = 5), MMN (N = 3), CIDP and variants
(N = 12), anti-MAGneuropathy (N = 3), and
non-systemic vasculitic neuropathy (N = 1)

Mariotto et al., 2018
Körtvelyessy et al., 2020

21 GBS patients, 19 controls

Pattern,
Outcome

pNfH

in-house developed ELISA.
pNFH ELISA kits from Biovendor, Ostrava,
Czech Republic;
ELISA
ELISA

Outcome

NfH
NfL

Outcome

NfL

HD-1 immunoassay analyzer, Quanterix
SimoaTM

No corellation between CSF NfL and outcome

Pattern, Outcome,
CSF/serum-ratio

NfL

ELISA

NfL significantly higher than in controls, GBSDS correlated with
CSF-NfL, Ratio distinguishes between patterns
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In a subsequent study by Petzold et al., NfH CSF levels in 38 GBS patients were evaluated by ELISA and compared to levels of patients with other neurological diseases [102].
There was no significant difference in NfH levels between both groups. Patients were
grouped by their outcome. NfH levels were higher in the group with a poor outcome of an
F-score ≥ 3 (univariate testing p = 0.019, multivariate testing p = 0.004). NfH levels above
the upper normal limit of 0.73 ng/mL therefore predicted a poor outcome (p = 0.01, odds
ratio 7.3, 95% confidence interval 1.2–46.2).
A study by Wang et al. investigated CSF pNFH levels in the GBS subgroups AIDP
(n = 11) and AMAN (n = 11) and compared them to other neurological diseases (ONDs,
n = 10) using a commercial sandwich ELISA [103]. CSF levels of pNfH were increased in
both subforms of GBS compared to OND (p < 0.001). A comparison between AMAN and
AIDP showed a significant difference with higher pNfH levels in AMAN (p < 0.05). In
AMAN, increased levels of pNfH correlated with GBS disability scale scores in the acute
phase (p = 0.001, R = 0.881), the plateau phase (p = 0.0002, R = 0.897), and the recovery
phase (p = 0.006, R = 0.764).
Dujmovic et al. performed serial spinal taps in three patients and evaluated NfH
levels using the identical ELISA [104], as in the abovementioned studies [101,102]. Clinical
and electrophysiological data were also acquired. A statistical analysis was not performed,
but it seemed that high levels of NfH were associated with a poor outcome.
The approach of Axelson et al. included CSF sampling at the onset of the disease and
a clinical follow-up 9–17 years after the disease in 18 patients [105]. Hughes functional
score was performed at nadir (the point of lowest performance) and follow-up, but the
ODSS was only assessed at follow-up. NfL levels were assessed by an ELISA. GBS patients
had a higher NfL level than healthy controls (p < 0.0001). Patients that showed a poor
outcome at follow-up had higher NfL level than patients with a good outcome. NfL levels
over 10000 ng/L had persistent disability with a median ODSS of 5.5, patients below this
limit had a median ODSS of 0. NfL levels also correlated with the F-score in the acute
phase (p = 0.01, R = 0.59). Initial Nf correlated also with the quality of life at follow-up, as
measured by the PCS score (p < 0.05, R = −0.65).
Mariotto et al. determined NfL levels in CSF and serum with an ELISA in 25 patients
with different inflammatory neuropathies including 5 GBS patients [106]. Serum NFL levels
were significantly (p < 0.001) increased in the neuropathy group (median 31.52 pg/mL,
range 4.33–1178) compared to healthy controls (median 6.91 pg/mL, range 2.67–12.78). No
significant differences between the different diseases were found. The CSF NfL levels in
both groups were unfortunately not mentioned in the paper. A correlation between clinical
severity and NfL levels in CSF could not be shown.
Körtvelyessy et al. investigated NfL levels in CSF and serum in 21 GBS patients using
an ELISA. Levels were compared to 19 controls with non-neurological diseases [107]. In
CSF, NfL levels (mean = 7623,149–50,000 pg/mL) were significantly higher than in controls
(mean = 1114, 545–1957 pg/mL, p = 0.02). GBS disability scale score correlated with CSF
NfL (p = 0.005). To differentiate between NfL of central or peripheral nerval origin, a ratio
of CSF NfL and serum NfL was formed. A ratio of 12.8 was used as a cutoff. Patients with a
lower ratio had axonal or mixed patterns in nerve conduction studies and a slightly higher
clinical affection. Patients with a higher NfL-ratio showed a demyelinating pattern.
In conclusion, Nfs seem to be a promising marker not necessarily for diagnosis of
GBS, but for differentiation between subtypes and even prediction of long-term outcome
especially in axonal subtypes. Further investigations are, however, needed, especially
studies with larger cohorts of patients, which may potentially answer further questions,
e.g., which Nf would be the more promising biomarker. A more complicated question
would be whether this biomarker could identify patients at risk of severe disease course,
select them for a more aggressive treatment, or ameliorate the clinical outcome.
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4.1.2. Sphingomyelin and Lipidomics
Sphingomyelin is a sphingophospholipid typically found in the membrane of the
Schwann cells that form the myelin sheath of peripheral nerves [108]. Its investigation
therefore may be interesting in demyelinating neuropathies. Capodivento et al. found
elevated sphingomyelin (SM) CSF levels in 14 patients with demyelinating neuropathies
(p = 3.81 × 10−8 ) compared to 15 controls with ONDs [109]. To rule out a bias by BBB
dysfunction, SM levels in demyelinating neuropathies were compared to 13 controls
with obvious BBB dysfunction. Even in this comparison, a significant elevation could
be shown (p = 1.34 × 10−7 ). The SM cut-off for optimum sensitivity and specificity was
0.00118 nmol/µL. Elevated SM correlated negatively with conduction velocity, which is
a marker of demyelination, in 12 patients. A correlation with an axonal pattern in nerve
conduction studies could not be shown.
To further investigate this novel biomarker, another study was conducted by Capodivento et al. in 2021. Twelve patients with the demyelinating subtype of GBS showed
significantly elevated SM CSF levels (p < 0.0001) compared to patients with other neurological diseases [110]. Some overlap between the ranges of SM levels was found, but in
the comparison of demyelinating and axonal GBS this was less of a problem. In axonal
GBS, no significant difference from the OND group could be found. A cut-off value of
0.9819 pmol/µL was calculated as a marker of demyelination, which is similar to the
aforementioned cut-off value. In demyelinating GBS, the SM level correlated with the GBS
disability scale (r = 0.8877, p = 0.003), Overall Neuropathy Limitation Scale (r = 0.5997,
p = 0.0426) and MRC sum score (R = −0.606, p = 0.0405).
Péter et al. investigated markers of demyelination through a shotgun lipidomic
mass spectrometry-based approach. A total of 19 patients with GBS were compared to
34 controls with non-demyelinating disorders [111]. In total, 222 different lipid species
could be identified. A four-fold elevated lipid content of CSF was found in GBS patients
(p = 2 × 10−9 ). All lipid classes were elevated, but to a different extent. Cholesteryl esters,
phosphatidylcholine, and SM showed the biggest differences. The most elevated species
were plasma derived. The concentration of several plasma-derived lipids correlated with
the F-score. A lower relative abundancy of these plasma-derived species compared to
brain-derived species correlated with clinical recovery. Plasma infiltration into the CSF
seemed to play the main role.
These studies show the possible value of SM as a biomarker in demyelinating GBS. Especially interesting is the correlation with clinical severity. Further investigations, especially
with larger cohorts, are needed.
4.1.3. Proteins
Cystatin C
Cystatin C is currently widely used in the clinic to assess the glomerular filtration
rate [112] and was found to be influenced by several other factors besides renal function [113]. A shotgun proteomic approach by Yang et al. in 2008 and 2009 found cystatin
C levels in the CSF of eight GBS patients significantly decreased compared to controls
with headaches (p = 0.001). Cystatin C was significantly lower in GBS than in controls
(p < 0.001) [114,115]. Another study by Li et al. showed a 1.05-fold decrease [116]. Those
studies used a 2-dimensional gel electrophoresis followed by MALDI-TOF mass spectrometry. In the studies by Yang, an additional ELISA was performed to quantify cystatin
C levels. A correlation with outcome, clinical severity, and pattern in nerve conduction
studies, however, was not found to be present. Therefore, cystatin C as a marker for GBS
seems to need further investigation due to the fact that only semiquantitative approaches
have been performed.
Transthyretin
Transthyretin is a plasma protein predominantly synthesized in the liver. Until now,
there are more than 60 mutations known to cause systemic amyloidosis [117]. In rou-
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tine diagnostics in serum, transthyretin is considered a negative acute phase protein
that is decreased during systemic inflammation. The CSF level of transthyretin, which
is also called prealbumin, was investigated by several studies as a biomarker for GBS.
Jin et al. investigated the proteomic profile of CSF in five GBS patients by 2-dimensional
gel electrophoresis followed by MALDI-TOF mass spectrometry [118]. A significant reduction in transthyretin levels compared to controls with other neurological disorders
was found. A study by Chiang et al. measured CSF transthyretin level in 20 GBS patients and in patients with other neurological diseases using an ELISA [119]. GBS patients
had a significantly higher transthyretin level (5.57 ± 0.49 mg/dL) than the control group
(2.76 ± 0.19 mg/dL, p = 0.05). A correlation to the F-score could not be shown. Zhang et al.
tested transthyretin CSF levels in 19 GBS patients with an ELISA approach [120]. In comparison to levels in patients with other neurological diseases, levels in GBS were elevated
(GBS: 2.14 ± 0.11 mg/dL, OND: 1.49 ± 0.17 mg/dL, p < 0.05). A correlation to functional
scores was not found. In conclusion, transthyretin as a biomarker for GBS needs further
investigation due to the contradictory findings with both increased and decreased values.
Because of the missing correlation to clinical scores, its value seems to be subordinate
compared to Nf and SM.
Haptoglobin
Chang et al. identified potential biomarkers through 2-dimensional gel electrophoresis
and MALDI-TOF mass spectrometry in the CSF of 24 patients with GBS [121]. Haptoglobin,
which is a protein that has the capacity to bind hemoglobin and is usually seen as a
marker of inflammation and hemolysis, was found to be elevated. As a consequence,
further quantification was performed by ELISA. CSF levels of haptoglobin in the GBS patients (12.44 ± 2.70 mg/mL) were significantly higher than in controls (1.44 ± 0.35 mg/mL,
p = 0.05). Even a significant difference when compared to chronic inflammatory demyelinating polyneuropathy (CIDP) could be shown (2.82 ± 0.83 mg/mL, p = 0.05). A correlation
with the F-score could not be shown.
The aforementioned paper by Jin et al. found a significant elevation in the CSF of
five GBS patients by 2-dimensional gel electrophoresis followed by MALDI-TOF mass
spectrometry. A further quantification or correlation with clinical data was not performed.
A similar result with related methods was found by Lehmensiek et al. [122]. Through a
2-dimensional gel electrophoresis followed by MALDI-TOF mass spectrometry in six GBS
patients, a significant upregulation of haptoglobin in comparison to 12 controls with
tension-type headache could be found. In the above-mentioned study by Zhang et al.,
haptoglobin was found to be increased using an ELISA in 19 patients with GBS (GBS:
2.54 ± 0.46 mg/dL, OND: 0.48 ± 0.07 mg/dL, p < 0.001). A correlation with the F-score
was not found. Li et al. found a 1.66-fold overrepresentation (p < 0.001) of haptoglobin in the
above-mentioned study. No significant difference between AIDP and AMAN was found.
In conclusion, haptoglobin seems to be a potential biomarker for GBS. A shortcoming,
compared to other markers is the missing correlation to clinical severity. However, further
investigations, especially due to the small cohort size, seem necessary.
Tau
Tau is a protein expressed in neurons of both the central and peripheral nervous
system. Although the abnormal aggregation of tau into so-called neurofibrillar tangles is
one of the major hallmarks in a variety of neurodegenerative diseases, its definite function
remains elusive [123]. Due to its close relation to neurodegeneration, several studies have
examined its CSF level in GBS, potentially revealing a disturbed tau-pathology.
Süssmuth et al. evaluated tau CSF levels using a sandwich ELISA in 61 patients with
a multitude of neurological disorders, including five patients with GBS [124]. Four of those
patients had tau levels below the detection limit of 59 ng/L, the fifth patient had a level of
106 ng/L. In comparison with the other groups of diseases, the GBS group had the lowest
tau levels. Jin et al. correlated CSF tau levels in 26 GBS patients with clinical severity and
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outcome, measured by the F-score at nadir and after six months [125]. An F-score > 2 after
six months was considered a poor outcome. A correlation between higher tau levels in
GBS and a poor outcome was found (p < 0.01).
In the above-mentioned study by Petzold et al., CSF tau levels in 38 GBS patients were
measured using ELISA. When compared to controls with ONDs, a significant difference in
tau levels was not found. However, a correlation of tau levels with F-score as a measurement for the outcome was found (R = 0.47, p = 0.008). Wang et al. measured tau CSF levels
in 43 patients with GBS using a sandwich ELISA and compared them to a group of patients
with other neurological diseases [103]. A significant increase in CSF tau levels (p < 0.001)
was found in both the AIDP and AMAN subgroups. A correlation of tau levels in CSF was
found with the clinical severity in AMAN (p = 0.025, R = 0.698).
The investigations of tau levels in GBS seem contradictory. A possible explanation are
the different study populations. Süssmuth and Petzold probably performed studies on a
central European population, whereas the studies of Wang and Jin were performed on an
Asian population, in which an axonal subtype of GBS is much more frequent. Therefore,
further investigations that include differentiation between subtypes are needed.
Cytokines
As mentioned above, cytokines are essential mediators in inflammatory processes
and are secreted by various immune cells like T and B lymphocytes, endothelial cells,
mast cells, and macrophages [44–46] and are therefore of high interest when examining
patients with inflammatory diseases. Thus, Breville et al. measured IL-8 CSF levels in four
patients with GBS and compared them to levels in five patients with CIDP and four patients
with non-inflammatory polyneuropathies [67]. A significant elevation of IL-8 was found
in GBS (mean = 106 pg/mL) in comparison to CIDP (mean = 43 pg/mL, p = 0.003) and
non-inflammatory polyneuropathies (mean = 28 pg/mL, p = 0.02). Sainaghi et al. tested
the CSF of nine GBS patients, eight CIDP patients, and seven controls for concentrations
of 50 different cytokines [68]. CXCL10 level was found to be higher in GBS than in CIDP
and higher in CIDP than in controls. CCL7 level was higher in both neuropathies than in
controls and higher in CIDP than in GBS. IL-8 and IL-1ra levels were higher in GBS than in
CIDP and controls (p < 0.002).
The investigations of cytokines show promising results in the differentiation of GBS
and CIDP, which is a highly relevant question due to its different therapeutic approaches.
However, further investigations in greater cohorts seem necessary.
5. Multifocal Motor Neuropathy
MMN is an inflammatory disease caused by a focal destruction of the myelin sheath
of the lower motor neurons. Clinically, it is manifested by weakness and atrophy of the
innervated muscles. MMN is an important differential diagnosis compared to motor
neuron diseases like lower motor neuron predominant ALS and PMA due to its promising
treatment options compared to those degenerative diseases [26]. Typical findings are a
conduction block in nerve conduction studies and the presence of anti-GM1 antibodies.
However, the typical antibody is only present in about every second patient, so there is
a need for more biomarkers. Furukawa et al. investigated the CSF levels of 28 different
cytokines using a multiplex bead array assay and ELISA in 12 patients with MMN, eight
with PMA, 26 with ALS, and 10 control patients with other neurological disorders [30].
In PMA, an elevation of IL-10, FGF-2, G-CSF, and VEGF could be shown in comparison
to MMN. In the comparison of ALS with MMN, an elevation of IL-4, IL-17, FGF-2, and
G-CSF levels was found (see also Table 1). In conclusion, the authors present a promising
approach to solve this highly relevant question. However, further investigations in a larger
cohort of patients seem necessary to assess their suitability as potential biomarkers.
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6. Neuroborreliosis
Neuroborreliosis is caused by Borrelia burgdorferi s. l. The spirochetal infection causes a
variety of symptoms including skin manifestations, lymphocytic meningitis, and peripheral
neuropathies. A diagnosis of neuroborreliosis is usually supported by an elevated cell
count in CSF and a ratio of IgG anti-Borrelia antibodies greater than two in comparison
between CSF and serum. It was found that the criterion of elevated CSF antibodies only
has a sensitivity of 75% and a specificity of 97% [126]. Therefore, there is a need for further
biomarkers. Pietikäinen et al. investigated the levels of 49 different cytokines in 43 patients
with neuroborreliosis [69]. A magnetic bead suspension array and ELISA was used to
assess the levels of 49 cytokines. A multitude of cytokines was elevated in the CSF of
neuroborreliosis patients. The best differentiation between groups was made by chemokine
CXCL13 (see also Table 1). In a follow-up survey after antibiotic treatment, decreased
levels of CXCL13 could indicate its value as a marker of treatment response. CXCL13
seems to be a potential candidate as a biomarker for diagnosis and control of treatment
success in neuroborreliosis. Still, further investigations with larger cohorts are necessary.
The presented study tested chemokine levels in patients that were diagnosed with the
abovementioned criterion of an elevated antibody ratio with a sensitivity of only 75%.
The investigation of CXCL13 in patients with clinically suspected neuroborreliosis but an
antibody index below 2 would be of great interest.
7. Spinal Muscular Atrophy
Spinal muscular atrophy (SMA) is an autosomal-recessively inherited disease characterized by a severe loss of lower motor neurons due to low levels of the survival motor
neuron (SMN) protein [127]. Two genes varying by only one nucleotide, SMN1 and SMN2,
encode SMN [128]. SMA patients carry mutations in both alleles of SMN1, leading to a
low abundance of SMN protein. The severeness of the SMA phenotype correlates with the
number of SMN2 copies the patient has [129]. Five different types of SMA are clinically
characterized based on the age of symptom onset and motor impairment, being ranked
in severeness from type 0 (prenatal onset; respiratory failure at birth) to type 4 (onset
in adulthood, ambulatory) [130]. Currently, there are three different drugs approved by
the FDA for treatment of SMA [131]: risdiplam, which modulates the splicing of SMN2;
onasemnogene abeparvovec, a non-replicating adeno-associated virus capsid delivering a
SMN1 copy; and nusinersen, which is an antisense oligonucleotide increasing the protein
level of SMN by modulating the splicing of SMN2-mRNA [132]. Until now, treatment with
all three drugs is very expensive and treatment efficiency cannot be monitored besides
with clinical assessments, as suitable biomarkers are missing. Because nusinersen has
to be administered by intrathecal injection, CSF samples are often collected before the
administration and CSF biomarkers would thus be very valuable. Therefore, we focused
on studies that evaluated CSF parameters and biomarkers in SMA patients following a
nusinersen treatment.
7.1. Routine CSF Parameters in SMA
Besides protein biomarkers, there are different routine parameters often evaluated in
CSF samples of SMA patients. Total protein concentration in CSF is regularly determined as
well as the quotient of albumin levels in CSF and serum (QAlb ). Both values are measures
of an intact blood–CSF barrier [133]. Both parameters were found to be increased in
several studies in patients with SMA type 2, 3, or 4 at until up to 10 months of treatment
compared to baseline values [134–136]. Total protein levels in CSF were not increased in
SMA patients compared to healthy controls and changes in total protein levels during the
time of observation did not correlate with changes in HFMSE score, which is a common
criterion for motor function in SMA patients [134]. In one of the aforementioned studies,
the researchers suggested that the slight changes in total protein and QAlb values were
caused by the repeated intrathecal administration of nusinersen and the repeated lumbar
punctures [135]. Furthermore, it is known that QAlb value and total protein level in CSF
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are age-related [133,137], stressing that both parameters are not suited as biomarkers for
treatment monitoring in SMA type 2, 3, or 4 patients.
Another routine parameter, often investigated in CSF samples from SMA patients, is
the number of cells per milliliter CSF. Depending on the study, different numbers of cells
(four or five per µl) are concerned as “increased”. The researchers use the cell count as an
indicator of possible inflammation caused by the repeated injection of nusinersen. The
number of cells is commonly measured via manual counting after Pappenheim staining
is performed. In the studies included in this review, only a few patients showed an
increased number of white blood cells in the CSF and the few findings were not thought
to be treatment-related [134,135]. Nevertheless, a very interesting finding concerned
macrophages, which appeared in the CSF of nusinersen treated patients after the first
treatment [138,139]. Two independent research groups reported about the characteristic
inclusions inside the macrophages. Both groups could only hypothesize about the content
of these inclusions and further investigations are required. Strikingly, the macrophages
with these characteristic inclusions could only be found in SMA patients after nusinersen
treatment and could not be observed in CSF samples of any healthy control patients.
These findings stress that cells inside the CSF may be affected by the nusinersen treatment
and proteomic investigation of these cells might provide further insights into disease
progression and treatment efficiency.
7.2. Protein Biomarkers in SMA
In the past, several research groups have evaluated proteins as potential biomarkers
for the progression of SMA over the course of nusinersen treatment. As reports about
protein biomarker levels in response to nusinersen treatment are still quite rare, we also
included proteins only investigated in a single study. We focused on research about aβpeptides, tau protein, glial fibrillary acid protein (GFAP), and Nfs (detailed information
on assessed studies can be found in Table 5). These proteins are all known to be related
to neurodegenerative processes in other diseases like ALS [140], MS [141], Alzheimer’s
disease (AD) [142], or Parkinson’s disease [143]. Furthermore, tau and Nfs like NfL and
pNfH were already covered in this review, as their suitability as CSF biomarkers was
also evaluated for ALS and GBS. This already suggests that they are not very specific to
SMA progression.
Aβ-peptides 40 and 42 are often investigated as potential biomarkers in AD, as
they derive from the amyloid precursor protein (APP) and are a major component of
the AD-plaques. In a recently published study, the protein levels of aβ 40- and aβ 42 of
eight patients affected by SMA type 2 or 3 were monitored over 14 months of nusinersen
treatment [144]. While the level of Aβ 40 did not change, the level of Aβ 42 increased
significantly in the CSF compared to baseline values. As a control group was missing, the
suitability of aβ 42 as a biomarker for nusinersen treatment effectivity in SMA patients
cannot be evaluated.
An additional protein known to be associated with AD progression and investigated
as a potential biomarker for the monitoring of SMA treatment is the microtubule-associated
protein tau [145]. For SMA 1 patients, a significant decrease in tau and phosphorylated
tau (ptau) protein levels was observed in CSF samples after treatment with nusinersen,
which did correlate with an improvement in CHOP-Intend score [146,147]. However,
similar findings could not be verified in another study, which included 11 SMA type 3
patients [148]. Tau levels remained stable over the course of treatment, thus the researchers
stated that tau levels in CSF might not be suitable for treatment monitoring in SMA type 3
patients. Due to the faster disease progression, tau protein levels in CSF may be suitable
for treatment monitoring in SMA type 1 patients.
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Table 5. Information on cohort selection size and composition, protein marker, method, as well as results of the assessed studies investigating protein biomarkers. Abbreviations: CSF =
cerebrospinal fluid, GFAP = glial fibrillary acidic protein, NfL = neurofilament light chain, pNfH = phosphorylated neurofilament heavy chain, SMA = spinal muscular atrophy.
Paper

Cohort Size and Composition

Protein Marker

Methods

Vagberg et al., 2015

53 healthy volunteers

NfL, GFAP

ELISA

Olsson et al., 2019

12 patients with SMA type 1,
11 patients sampled for facial nerve palsy
or to exclude meningitis or cerebellitis
used as control

NfL, tau, GFAP

ELISA

Totzeck et al., 2019

11 patients with SMA type 3

NfH, tau

ELISA

Winter et al., 2019

1 patient with SMA type 1

NfL, pNfH, total tau, phosphorylated tau

not mentioned

Wurster et al., 2019

9 patients with SMA type 2,
16 with SMA type 3,
25 control patients

NfL, pNfH

ELISA

Faravelli et al., 2020

12 patients with SMA type 3,
9 control patients

NfL, pNfH

ELISA

Introna & Milella et al., 2021

8 patients with SMA type 2/3

aβ 40, aβ 42

solid-phase enzyme
immunoassay

Results
NfL and GFAP levels in CSF correlated with age (NfL: rho = 0.870; GFAP:
rho = 0.595; p < 0.001)
mean baseline levels for all three markers were significantly increased in SMA 1
patients (NfL: 4598 ± 981 pg/mL vs. 148 ± 39 pg/mL, p = 0.001; tau:
939 ± 159 pg/mL vs. 404 ± 86 pg/mL, p = 0.02; GFAP: 236 ± 44 pg/mL vs.
108 ± 26 pg/mL, p = 0.02), NfL levels normalized <380 pg/mL at T4 or T5, tau
and GFAP levels decreased over time, correlation with improvement in
CHOP-INTEND score was observed for tau (rho = −0.85, p = 0.0008) and NfL
(rho = −0.64, p = 0.03)
mean levels for tau and NfH remained stable within the reference range (tau:
<290 pg/mL; NfH: <0.69 ng/mL)
NfL and pNfH level decreased under limit of detection at T4 resepctively T6,
total and phosphorylated tau level decreased slightly
Median NfL and pNfH levels did not differ significantly from controls at baseline
or at T4
NfL and pNfH levels were comparable between SMA patients and controls at
baseline, NfL and pNfH levels decreased significantly after 6 months of
treatment (p = 0.031 respectively p = 0.016)
mean aβ 40 level remained stable during 420 days of Nusinersen-treatment (T0:
6437.5 ± 3201 pg/mL; T4: 6842.9 ± 1391.5 pg/mL, p = 0.498); mean aβ 42 level
increased during treatment, significant at T2 and T4 (T0: 577.3 ± 227 pg/mL; T2:
634.6 ± 266 pg/mL, p = 0.012; T4: 891 ± 462.2 pg/mL, p = 0.018)
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GFAP is a well-known marker for astrocytes in the CNS. Therefore, it is often used to
investigate neuroinflammatory processes. GFAP level in CSF samples of 12 SMA type 1
patients were found to be significantly increased at the start of the investigation period
compared to healthy controls [146]. Although a slight decrease in GFAP levels in CSF
was observed, this change did not correlate with the improvement of the HFMSE score in
the nusinersen treated SMA patients. A potential reason for this observation may be an
age-related change in the GFAP level in CSF, as it was reported in a study including healthy
volunteers [149]. Thus, GFAP can be stated as not suitable as a monitoring biomarker of
nusinersen treatment.
As for GFAP, an age-related change in the protein levels in CSF was also reported for
Nfs [149]. In general, Nfs are known to be essential for the cytoskeleton of neurons [150].
There are several studies on Nfs in SMA patients, most of them on SMA type 1 or SMA
type 2/3 patients [134,136,147–149,151–153]. The overall trend is that Nf levels are better
suited to monitor the treatment effect in SMA type 1 patients than in SMA type 2/3
patients, potentially due to the faster disease progression. In a study including 12 SMA
type 1 patients, a decrease in the Nf levels in CSF correlated with an increase in CHOPIntend score [146]. In all studies, Nf protein levels were quantified using ELISA kits, which
are known to vary in sensitivity. Strikingly, in one study it was stated that out of 25 CSF
samples, Nf protein levels were below the lower limit of quantification (LLOQ) of the used
ELISA kits in 21 samples [153]. This finding stresses the need for a more accurate and
sensitive method for quantification of Nf protein levels in CSF of SMA patients, potentially
a targeted mass-spectrometry approach.
Surprisingly, there is currently only one study published in which the proteome in
CSF of SMA patients was investigated using mass spectrometry [134]. Unfortunately, this
study did not include proteomic analyses of cells in CSF samples of SMA patients. CSF
samples from 10 SMA patients, one diagnosed with SMA type 2 and nine diagnosed with
SMA type 3, were included in the study and CSF proteomes were compared to 10 age- and
sex-matched controls. CSF samples were analyzed via LC-MS/MS at baseline and after
10 months of nusinersen-treatment and protein levels were compared. In SMA patients, not
a single protein was of different abundance after 10 months of nusinersen treatment. The
researchers hypothesized, that the observed effect may occur due to the limited number
of patients, the restricted time frame, and the slow disease progression of SMA type 2
and 3. Thus, further mass spectrometric investigations on CSF samples of SMA type 1
patients or with a higher number of patients of different SMA types may provide promising
insights and reveal candidates as biomarkers for nusinersen treatment response. As the
results of cytological investigations showed that cells in CSF may be affected by nusinersen
treatment, the proteome of these cells should also be investigated.
How such a study could be set up is graphically summarized in Figure 1. Therefore,
CSF samples of SMA patients, obtained via lumbar punctures in the context of nusinersen
treatment, could be used. The proteins and cells present in the obtained CSF samples
then get separated by centrifugation and split into two fractions, one being the pellet
consisting of the cells, the other being the supernatant containing the proteins. The resulting
samples should then be prepared for mass spectrometric measurements by lysis and a
tryptic digestion.
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Figure 1. Potential workflow for a mass spectrometric analysis of CSF samples obtained from SMA patients. CSF samples
of SMA patients are obtained in the context of intrathecal nusinersen treatment. After collection, proteins and cells
contained in the CSF samples are separated via centrifugation and separately prepared for mass spectrometric analyses.
The used schematics in this figure were partly provided by Servier Medical art (https://smart.servier.com/, accessed date:
17 November 2020). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License.

8. Conclusions
In this review, a variety of neuromuscular diseases have been discussed, involving
the degeneration of motor neurons. The review focused on the utilization of CSF as a
suitable bodyfluid for the detection of biomarkers, not only to identify the disease, but
also to determine disease progression. The most promising biomarkers so far are Nfs,
specifically the combination of NfL and pNfH for the identification and determination of
disease progression in ALS, as levels measured by ELISA are significantly higher than in
other neurological diseases and ALS mimics. Furthermore, this method is already routinely
used in the clinic. However, it must be mentioned that all measurements are subject to
strong fluctuations and that defined criteria for CSF withdrawal and ELISA assays must be
formulated to ensure a reproducible detection. An interesting alternative for ALS diagnostics could be the quantification of TDP43, especially if the hyperphosphorylated form is
included. To ensure robust quantification of these biomarkers, alternative methods besides
the classical ELISA should be considered, especially the enrichment of pathological hyperphosphorylated forms and their absolute quantification using targeted mass spectrometry.
In the group of peripheral neuropathies, a multitude of biomarkers has been investigated.
In our opinion, for GBS the most promising candidates are SM for AIDP and Nf for AMAN.
In Lyme neuroborreliosis and MMN, the examination of cytokines seems promising not
only to ease the diagnosis of neuroborreliosis, but also to identify MMN as an important,
treatable differential diagnosis to ALS. For SMA, no convenient biomarker in CSF can be
reported that can be used for treatment monitoring different SMA types. Especially for
SMA types 2 and 3, biomarkers for treatment monitoring are needed, as the benefit of the
treatment needs to be ensured due to the immense costs of all FDA-approved drugs.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/diagnostics11091522/s1, Supplementary Table S1, Supplementary Table S2, Supplementary
Table S3.
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Abstract
Background: Trimethylamine N-oxide (TMAO), a small molecule produced by the metaorganismal metabolism of
dietary choline, has been implicated in human disease pathogenesis, including known risk factors for Alzheimer’s
disease (AD), such as metabolic, cardiovascular, and cerebrovascular disease.
Methods: In this study, we tested whether TMAO is linked to AD by examining TMAO levels in cerebrospinal fluid
(CSF) collected from a large sample (n = 410) of individuals with Alzheimer’s clinical syndrome (n = 40), individuals
with mild cognitive impairment (MCI) (n = 35), and cognitively-unimpaired individuals (n = 335). Linear regression
analyses were used to determine differences in CSF TMAO between groups (controlling for age, sex, and APOE ε4
genotype), as well as to determine relationships between CSF TMAO and CSF biomarkers of AD (phosphorylated
tau and beta-amyloid) and neuronal degeneration (total tau, neurogranin, and neurofilament light chain protein).
Results: CSF TMAO is higher in individuals with MCI and AD dementia compared to cognitively-unimpaired
individuals, and elevated CSF TMAO is associated with biomarkers of AD pathology (phosphorylated tau and
phosphorylated tau/Aβ42) and neuronal degeneration (total tau and neurofilament light chain protein).
Conclusions: These findings provide additional insight into gut microbial involvement in AD and add to the
growing understanding of the gut–brain axis.
Keywords: Alzheimer’s disease, Cerebrospinal fluid, Biomarkers, Trimethylamine N-oxide, Microbiota, Gut bacteria,
Amyloid, Tau, Neurofilament light

Background
The human gut is home to trillions of microbes, including bacteria, eukaryotes, and viruses, that participate in a
lifelong symbiotic relationship with their human hosts.
Resident gut microbes perform essential functions for
human health ranging from regulating nutrition and
metabolism to influencing immune system development
and function [1]. Gut microbes impact human health
and disease at least in part by metabolizing dietary and
host-derived substrates, and generating biologically active
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2
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compounds including signaling compounds (e.g., agonists
of G-protein coupled receptors), biological precursors,
and toxins [2–4]. The microbial-derived metabolite
trimethylamine N-oxide (TMAO) has been implicated
in metabolic [5], cardiovascular [6, 7], and cerebrovascular [8] disease. The production of TMAO occurs via
a two-step process. First, gut microbes enzymatically
generate trimethylamine (TMA) from dietary constituents
such as choline or L-carnitine [9]. TMA then enters the
circulation and is oxidized to TMAO in the liver by
flavin-containing monooxygenase 1 and 3 (FMO1 and
FMO3) [6]. A recent study [10] demonstrated that TMAO
is measurable in cerebrospinal fluid (CSF), suggesting that
this microbial-derived metabolite reaches the central
nervous system (CNS), and may therefore be relevant to
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neurological function or disorders. Indeed, mice treated
with dietary TMAO show increased brain aging and cognitive impairment, likely due to increased oxidative stress,
mitochondrial dysfunction, and inhibition of mammalian
target of rapamycin (mTOR) signaling in the brain [11].
Alzheimer’s disease (AD) pathology is characterized by
extracellular beta-amyloid (Aβ) plaques and intracellular
neurofibrillary tangles composed of hyperphosphorylated
tau protein [12]. The underlying etiology of AD is highly
complex and multifactorial. A variety of genetic and
environmental factors have been implicated in AD etiopathogenesis, including contributions from gut microbiota [13–15]. While it has been hypothesized that
TMAO could be associated with AD pathology [16],
this relationship has not yet been fully investigated in
humans with Alzheimer’s clinical syndrome (AD dementia) [17]. In this study, we examined levels of TMAO in a
large sample of CSF collected from individuals with AD
dementia, individuals with mild cognitive impairment
(MCI), and cognitively-unimpaired individuals. We also
investigated the relationships between CSF TMAO, AD
biomarkers (Aβ and phosphorylated tau), and biomarkers
of neuronal and synaptic degeneration (total tau, neurofilament light chain protein, and neurogranin). We found
that CSF TMAO levels are elevated in individuals with
AD dementia, and that elevated CSF TMAO is associated
with elevated AD pathology and neuronal degeneration as
measured in CSF.

Methods
Participants

We identified 414 individuals in the Wisconsin Alzheimer’s
Disease Research Center (ADRC) clinical core (n = 277)
and the Wisconsin Registry for Alzheimer’s Prevention
(WRAP) study (n = 137) who had undergone lumbar puncture with CSF collection, as well as TMAO and biomarker
quantification. The ADRC clinical core study consists
of participants who fall along the clinical continuum of
cognitive function, including AD dementia, MCI, and
cognitively-unimpaired controls. The WRAP study is a
large (> 1500 subjects), ongoing (> 15 years), prospective
longitudinal investigation of the genetic, biological, and
lifestyle factors that contribute to the development of AD
dementia and cognitive decline [18]. Individuals in the
WRAP study were recruited as cognitively-unimpaired,
asymptomatic middle-aged adults and undergo biannual
comprehensive medical and cognitive evaluation. Because
both the WRAP study and the ADRC clinical core are
enriched for risk of late-onset AD (~ 70% of WRAP subjects have a parental family history of AD, and ~ 50% of
participants 45–65 years old in the ADRC study have a
parental history of AD), the APOE ε4 genotype is more
prevalent. General exclusion criteria for the ADRC and
WRAP studies include any significant neurologic disease
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(other than AD dementia), history of alcohol/substance
dependence, major psychiatric disorders (including untreated major depression), or other significant medical
illness. APOE ε4 genotyping procedures have been described previously [19], and participants were categorized
as noncarriers (zero ε4 alleles) or APOE ε4 carriers (one
or two ε4 alleles). The University of Wisconsin Health
Science Institutional Review Board approved all study
procedures, and all experiments were performed in
accordance with relevant guidelines and regulations. All
participants provided written informed consent to be
involved in this study.
Diagnostic classification

Participants underwent a comprehensive neuropsychological battery to determine their cognitive status. Participants with MCI and AD dementia were diagnosed using
available clinical and cognitive information in accordance
with the updated 2011 National Institute on Aging–
Alzheimer’s Association workgroup diagnostic criteria
[20, 21]. All participants in the ADRC clinical core are
discussed at a consensus review committee consisting
of physicians, neuropsychologists, and nurse practitioners. Biomarker data are not used in determining
clinical diagnosis. Participants in the WRAP study are
reviewed selectively when flagged after cognitive abnormalities are detected by algorithm on neuropsychological tests, at which point cases are discussed at a
consensus review committee meeting [18]. Of the 414
identified participants, four individuals with a diagnosis
of nonneurodegenerative cognitive impairment at the
time of CSF collection were excluded from the present
analyses, resulting in a total of 410 participants: n = 335
cognitively-unimpaired participants (Control group), n = 35
MCI (MCI group), and n = 40 AD dementia (AD group).
Lumbar puncture and CSF collection

Lumbar puncture and CSF collection procedures have
been described previously [22]. Briefly, CSF was collected
via lumbar puncture in the morning after a 12-h fast with
a Sprotte 25 or 24-gauge spinal needle at the L3/4 or L4/5
interspace using gentle extraction into propylene syringes.
CSF (~ 22 ml) was then combined, gently mixed, and
centrifuged at 2000 × g for 10 min. Supernatants were
frozen in 0.5 ml aliquots in polypropylene tubes and
stored at − 80 °C.
CSF biomarker quantification

CSF AD biomarkers included the Aβ42/Aβ40 ratio, phosphorylated tau (p-tau), and the p-tau/Aβ42 ratio. CSF Aβ
is an indicator of amyloid burden, with greater amyloid
deposition in the brain being reflected by lower levels in
the CSF. The Aβ42/Aβ40 ratio (which normalizes CSF
Aβ42 for the total amount of Aβ peptides that are present
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in CSF) was used given that it shows better correspondence with brain amyloid deposition as well as superior
diagnostic performance compared to CSF Aβ42 alone [23].
p-tau is a marker of tau phosphorylation believed to be
associated with neurofibrillary tangle pathology, with
higher levels reflecting a more intense tau phosphorylation
process; the ratio of p-tau/Aβ42 incorporates both facets
of pathology, with higher values indicating greater AD
pathology [24]. For the Aβ42/Aβ40 ratio, CSF Aβ42 and
CSF Aβ40 were quantified separately by electrochemiluminescence (ECL) using an Aβ triplex assay (MSD Human
Aβ peptide Ultra-Sensitive Kit; Meso Scale Discovery,
Gaithersburg, MD, USA). For p-tau and the p-tau/Aβ42
ratio, CSF p-tau and Aβ42 were quantified using commercially available sandwich ELISAs (INNOTEST βamyloid1–42 and Phospho-Tau[181 P], respectively;
Fujirebio Europe, Ghent, Belgium).
CSF biomarkers of neuronal degeneration included
total tau (t-tau), neurofilament light chain protein (NFL,
a marker of axonal degeneration), and neurogranin (a
marker of synaptic degeneration). CSF t-tau and NFL
were quantified using commercially available sandwich
ELISAs: t-tau, INNOTEST hTau Ag (Fujirebio Europe);
and NFL, NF-Light ELISA kit (Uman Diagnostics AB,
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Umeå, Sweden). CSF neurogranin was quantified using a
sandwich ELISA as described previously [25]. All CSF
assays were performed in two batches (n = 192 samples
in batch 1, n = 218 samples in batch 2), and all statistical
analyses accounted for batch variation (see Statistical
analysis).
CSF TMAO quantification

CSF TMAO was quantified via an untargeted plasma
metabolomics analysis performed by Metabolon, Inc.
(Durham, NC, USA) using ultrahigh performance liquid
chromatography tandem mass spectrometry (UHPLC-MS)
as described previously [26] (details presented in Additional
file 1: Methods). All samples were sent to Metabolon in
one shipment. Raw data were extracted, peak identified,
and QC processed using Metabolon’s hardware and software. TMAO levels were expressed as scaled intensity units
(SIU) using the QC-processed mass-to-charge ratio (m/z)
area-under-the-curve values for TMAO and scaled to a
median value of 1.
Statistical analysis

Our analysis approach first examined differences in CSF
TMAO levels between clinical diagnostic groups, and

Table 1 Participant characteristics
Sample characteristic

All

Control

MCI

N

410

335

35

AD dementia
40

Age (years)

63.8 ± 9.0

61.9 ± 7.9

73.2 ± 8.5

71.9 ± 8.6

Sex (% female)

63 (258/410)

69 (231/335)

31 (11/35)

40 (16/40)

APOE ε4 genotype, % positive (n)

43 (178/410)

39 (130/335)

54 (19/35)

73 (29/40)

AD parental history, % positive (n)

58 (236/410)

64 (214/335)

31 (11/35)

28 (11/40)

Ethnicity, % Caucasian (n)

97 (396/410)

96 (321/335)

100 (35/35)

100 (40/40)

Education (years)

15.9 ± 2.6

16.1 ± 2.5

16.3 ± 2.7

14.7 ± 2.8

Body mass index (BMI)

28.3 ± 5.5

28.5 ± 5.7

28.2 ± 4.4

26.6 ± 3.9

Systolic blood pressure (mmHg)

128 ± 17

125 ± 16

130 ± 18

134 ± 16

Diastolic blood pressure (mmHg)

74 ± 9

75 ± 9

76 ± 10

75 ± 9

Total cholesterol (mg/dl)

195 ± 37

199 ± 46

184 ± 44

190 ± 37

HDL cholesterol (mg/dl)

62 ± 18

64 ± 39

57 ± 19

56 ± 14

Fasting glucose (mg/dl)

97 ± 20

99 ± 51

99 ± 15

100 ± 18

TMAO (SIU)

1.5 ± 1.7

1.3 ± 1.5

2.1 ± 1.4

2.8 ± 2.9

p-tau (pg/ml)

49.3 ± 22.0

45.1 ± 16.4

61.3 ± 36.2

74.7 ± 26.9

p-tau/Aβ42

0.09 ± 0.07

0.07 ± 0.04

0.14 ± 0.11

0.21 + 0.09

Aβ42/Aβ40

0.086 ± 0.024

0.090 ± 0.022

0.076 ± 0.028

0.062 ± 0.022

t-tau (pg/ml)

370 ± 228

310 ± 141

552 ± 338

722 ± 300

NFL (pg/ml)

841 ± 655

705 ± 489

1247 ± 863

1628 ± 935

Neurogranin (pg/ml)

352 ± 208

328 ± 182

430 ± 308

488 ± 244

CSF data

All data presented as mean ± standard deviation unless otherwise indicated
MCI mild cognitive impairment, AD Alzheimer’s disease, APOE ε4 apolipoprotein E epsilon 4 allele, HDL high-density lipoprotein, CSF cerebrospinal fluid, TMAO
trimethylamine N-oxide, SIU scaled intensity units, p-tau phosphorylated tau, Aβ beta-amyloid, t-tau total tau, NFL neurofilament light chain protein
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then extended these analyses in order to characterize the
biological relationships between CSF TMAO and biomarkers of both AD pathology and neurodegeneration.
To determine CSF TMAO differences between groups, a
multiple linear regression model was conducted in R
(v3.5.0) to test the effect of age, sex, APOE ε4 genotype,
and clinical diagnosis (Control, MCI, AD dementia)
on CSF TMAO levels. CSF TMAO was natural log
transformed to account for a nonnormal distribution.
Secondarily, linear regression models were used to
determine the relationship between CSF TMAO and
CSF biomarkers (Aβ42/Aβ40, p-tau, p-tau/Aβ42 ratio,
t-tau, NFL, and neurogranin). Separate models were
run for each CSF biomarker, and each model included
covariates of age, sex, and the nuisance covariate of
CSF analysis batch (to account for batch variation).
Given that TMAO has been implicated in cardiovascular
disease, and that vascular disease risk factors are associated
with AD and neurodegeneration, the same linear regression models were run for each CSF biomarker with the
addition of peripheral vascular disease measures as
covariates (BMI, blood pressure, total cholesterol, HDL
cholesterol, and fasting glucose). Nonnormally distributed variables were natural log transformed.

Results
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Fig. 1 CSF TMAO levels are elevated in individuals with AD
dementia and MCI compared to cognitively-unimpaired individuals,
after controlling for age, sex, and APOE ε4 genotype. Data presented
as violin plots (displaying scaled distribution of data for each group)
with inset Tukey boxplots showing median, interquartile range (IQR),
and 1.5 × IQR. AD Alzheimer’s disease, CSF cerebrospinal fluid, MCI
mild cognitive impairment, TMAO trimethylamine N-oxide

Participant characteristics

Participant characteristics are reported in Table 1. The
Control group tended to be younger and had a higher
proportion of females compared to the MCI and AD
dementia groups. As expected, the APOE ε4 genotype
was more prevalent in the MCI and AD dementia
groups. There were no differences between groups with
respect to cardiovascular disease risk factors including
BMI, blood pressure, total cholesterol, HDL cholesterol,
and fasting glucose.

and Aβ42/Aβ40 (β = − 0.003, p = 0.13; Fig. 2c) was observed.
Additionally, CSF TMAO was positively associated with
both CSF t-tau (β = 0.10, p = 0.01; Fig. 2d) and CSF NFL
(β = 0.085, p = 0.007; Fig. 2e), but there was no relationship between CSF TMAO and CSF neurogranin (β = 0.004,
p = 0.92; Fig. 2f). Additional file 1: Figure S1 shows the relationships between CSF TMAO and biomarkers colored by
diagnostic group. Including peripheral cardiovascular disease risk factors as covariates did not change these associations (see Additional file 1: Table S1).

CSF TMAO is elevated in individuals with MCI and AD
dementia

CSF TMAO levels were elevated in individuals with AD
dementia (β = 0.50, p < 0.0001) and MCI (β = 0.29, p < 0.05)
compared to cognitively-unimpaired individuals (Fig. 1;
Table 2), controlling for age, sex, and APOE ε4 genotype.
Older age was associated with higher CSF TMAO (β =
0.02, p < 0.0001), but there were no main effects of sex or
APOE ε4 genotype, and CSF TMAO levels did not differ
between the MCI and AD groups.
CSF TMAO is associated with CSF biomarkers of AD and
neuronal degeneration

With respect to CSF AD biomarkers, there was a significant
positive relationship between CSF TMAO and p-tau (β =
0.09, p = 0.006; Fig. 2a) and p-tau/Aβ42 (β = 0.11, p = 0.013;
Fig. 2b). No significant relationship between CSF TMAO

Table 2 Summary of multiple linear regression of age, sex,
APOE ε4 genotype, and diagnosis on CSF TMAO level
Variable

β (standard deviation)

t

p value

Age

0.022 (0.004)

6.1

5.6 × 10−8***

Sex

−0.02 (0.06)

−0.03

0.75

APOE ε4 genotype

−0.02 (0.06)

−0.3

0.77

Diagnosis
Control vs MCI

0.29 (0.11)

2.6

0.01*

Control vs AD

0.50 (0.11)

4.7

4.1 × 10− 6***

MCI vs AD

0.21 (0.13)

1.5

0.12

APOE ε4 apolipoprotein E epsilon 4 allele, MCI mild cognitive impairment, AD
Alzheimer’s disease
Overall model statistics: F5,404 = 23.1, adjusted R2 = 0.21, p < 2.2 × 10− 16
*p < 0.05
***p < 0.001
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A

B

C

D

E

F

Fig. 2 Relationship between CSF TMAO and CSF AD biomarkers (a–c) and biomarkers of neuronal degeneration (d–f). CSF TMAO is significantly
positively correlated with phosphorylated tau (p-tau), p-tau/Aβ42, total tau (t-tau), and neurofilament light chain protein (NFL), after controlling for
age and sex. Scatterplots show individual data points (n = 410) colored by 2D kernel density estimation. Hotter colors represent higher density;
black line represents best linear fit between variables; shading represents 95% confidence interval of fit. CSF TMAO expressed as natural logtransformed scaled intensity units (SIU). Aβ, beta-amyloid CSF cerebrospinal fluid, TMAO trimethylamine N-oxide

Discussion
Understanding the contributions of the gut microbiota
to neurological function and disease is an expanding area
of research, particularly with respect to neurodegenerative
disorders. A recent study [16], which used publicly available
databases and a data-driven hypothesis-free computational
approach to address the links between gut microbiota and
AD, proposed that the gut microbial-derived metabolite
TMAO is highly associated with AD. In the present study,
we provide biochemical evidence revealing that CSF
TMAO is higher in individuals with MCI and AD
dementia, and elevated CSF TMAO is associated with
both increased AD pathology (as measured by CSF biomarkers) as well as markers of neuronal degeneration.
Specifically, we found that CSF TMAO was associated
with CSF p-tau as well as p-tau/Aβ42, but not Aβ42/
Aβ40, potentially indicating that TMAO is more closely
related to tau pathology than amyloid deposition alone.
Additionally, we examined CSF biomarkers of neuronal
degeneration, including t-tau, NFL, and neurogranin. CSF
t-tau and NFL are thought to reflect axonal integrity [27]
(with higher levels indicating greater axonal degeneration),
while neurogranin is expressed in dendritic spines and
reflects synaptic integrity [24]. We found that CSF TMAO
was associated with increased CSF t-tau and NFL, but not
neurogranin, suggesting that TMAO is related to axonal
injury, but not dendritic degeneration. Taken together, our

results suggest that while TMAO may not be a primary
driver of amyloid production, it may impact vulnerable
neurons and contribute to neurodegeneration.
As a metaorganismal metabolite, the production and
accumulation of TMAO is dependent on both bacterial
and host metabolism. The gene cluster required for
bacterial enzymatic conversion of choline to TMA is
distributed widely and discontinuously among gut bacterial
taxa [9, 28, 29]. Thus, the presence of TMA-producing bacteria cannot be predicted from bacterial 16S rRNA gene sequencing studies. In the host, oxidation of TMA via FMO3
in the liver can also regulate TMAO levels [30]. Additionally,
while both vegetarians and omnivores are able to convert
choline to TMA [7, 31], long-term dietary habits can influence TMAO accumulation via changes in gut microbiota
composition, which modulates TMA production potential.
TMAO is thought to contribute to disease pathogenesis
through a variety of mechanisms including altering lipid
and hormonal homeostasis, promoting platelet hyperreactivity [8], modulating cholesterol and sterol metabolism,
decreasing reverse cholesterol transport [7], and inducing
endothelial dysfunction through activation of the NLRP3
inflammasome [32]. In the brain, TMAO has been shown
to induce neuronal senescence, increase oxidative stress,
impair mitochondrial function, and inhibit mTOR signaling
[11], all of which contribute to brain aging and cognitive
impairment. Additionally, TMAO upregulates macrophage

Vogt et al. Alzheimer's Research & Therapy

(2018) 10:124

scavenger receptors and induces CD68 expression [7, 33], a
cellular marker positively associated with dementia [34].
Vascular risk factors are increasingly recognized as
important contributors to AD dementia [35], and cerebrovascular pathology commonly coexists with AD pathology
at autopsy [36]. TMAO is causally linked with exacerbation of atherosclerosis in a genetically modified mouse
model [6, 7], and the presence of intracranial atherosclerosis is an independent risk factor for dementia [37]. Thus,
one potential mechanism by which TMAO may play a
role in AD pathology is through the promotion of cerebrovascular disease. Of note, in the present study,
cognitively-unimpaired, MCI, and AD individuals did not
differ with respect to cardiovascular disease risk factors
(BMI, blood pressure, cholesterol, and fasting glucose),
suggesting that differences observed in TMAO between
groups did not reflect underlying differences in cardiovascular disease status. Moreover, controlling for peripheral
vascular disease risk factors did not change the associations between CSF TMAO and biomarkers of AD and
neurodegeneration, suggesting that TMAO may have an
impact independent of vascular effects. However, our
study did not examine direct measures of central vascular
disease, and future studies are needed to more fully examine the relationship between TMAO and cerebrovascular
health.
TMAO is elevated in individuals with diabetes [38]
and has been shown to promote insulin resistance in mice
fed a high-fat diet [5]. Given that diabetes and insulin
resistance are risk factors for developing AD [39, 40], elevated TMAO in the CNS may exacerbate central insulin
resistance and AD pathogenesis. Finally, mitochondrial
dysfunction and increased oxidative stress are ubiquitous
features of AD pathology [41]; mice treated with dietary
TMAO show increased brain aging with similar features
[11], suggesting elevated TMAO may accelerate neurotoxicity and neurodegeneration in the context of AD pathology. However, additional work is needed to determine
the potentially multifactorial pathways by which TMAO
impacts the brain. Given that our results indicate that
TMAO may be more relevant to neurodegenerative
changes rather than initiation of Alzheimer’s-specific
amyloid pathology, CSF TMAO levels should be investigated in other neurodegenerative disorders (e.g., Parkinson’s
disease).

Conclusions
In this study, we demonstrate that the gut microbiotaderived metabolite TMAO is elevated in the CSF of individuals with MCI and AD dementia, and that levels of
CSF TMAO are associated with CSF biomarkers of AD
pathology and neuronal degeneration. These results
provide additional evidence for an association between
TMAO and AD, and further inform the role of gut
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microbiota in AD. Longitudinal studies are needed to
determine whether elevated TMAO during mid-life
predicts subsequent development or exacerbation of
AD pathology. In this scenario, pharmacological agents
designed to inhibit gut microbial TMAO production
may be useful in slowing AD pathology [42].

Additional file
Additional file 1: Methods. Additional details from Metabolon for
methodology of CSF TMAO quantification. Figure S1. Relationship
between CSF TMAO and CSF AD biomarkers (A–C) and biomarkers of
neuronal degeneration (D–F). Table S1. Summary of multiple linear
regressions testing relationships between CSF TMAO and CSF biomarkers
of AD pathology and neurodegeneration. (PDF 895 kb)
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with multiple sclerosis disease progression
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Abstract
Background: Altered cerebrospinal fluid (CSF) levels of lactate have been described in neurodegenerative diseases
and related to mitochondrial dysfunction and neuronal degeneration. We investigated the relationship between
CSF lactate levels, disease severity, and biomarkers associated with neuroaxonal damage in patients with multiple
sclerosis (MS).
Methods: One-hundred eighteen subjects with relapsing-remitting multiple sclerosis (RRMS) were included, along
with one-hundred fifty seven matched controls. CSF levels of lactate, tau protein, and neurofilament light were
detected at the time of diagnosis. Patients were followed-up for a mean of 5 years. Progression index (PI), multiple
sclerosis severity scale (MSSS), and Bayesian risk estimate for multiple sclerosis (BREMS) were assessed as clinical
measures of disease severity and progression. Differences between groups and correlation between CSF lactate,
disease severity and CSF biomarkers of neuronal damage were explored.
Results: CSF lactate was higher in RRMS patients compared to controls. A negative correlation was found between
lactate levels and disease duration. Patients with higher CSF lactate concentration had significantly higher PI, MSSS,
and BREMS scores at long-term follow-up. Furthermore, CSF lactate correlated positively and significantly with CSF
levels of both tau protein and neurofilament light protein.
Conclusions: Measurement of CSF lactate may be helpful, in conjunction with other biomarkers of tissue damage,
as an early predictor of disease severity in RRMS patients. A better understanding of the alterations of mitochondrial
metabolic pathways associated to RRMS severity may pave the way to new therapeutic targets to contrast axonal
damage and disease severity.
Keywords: CSF, EDSS, Inflammation, Mitochondrial damage, MS, Neurofilaments, Neurodegeneration, Tau protein

Background
Multiple sclerosis (MS) is a chronic autoimmune disorder of the central nervous system (CNS), presenting
with unpredictable clinical relapses and remissions and
by disability progression over time [1]. Neuropathologically, MS is characterized by an inflammatory reaction
in close relationship with diffuse neurodegenerative processes [2]. Experimental evidence suggests that astroglial
activation and axonal damage are both present in the
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†
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early stages of the disease, leading to neuronal injury, inflammatory demyelination, and neurodegeneration [3, 4].
In the last years, mitochondrial dysfunction and subsequent energy penalty have been hypothesized to drive
axonal degeneration and disease progression [5–7]. In this
context, neuronal lactate secretion in the cerebrospinal
fluid (CSF) of multiple sclerosis (MS) subjects has been
investigated with controversial results reporting either
increased, decreased, or unchanged levels [8–13]. Major
limitations of the published MS studies are the small sample sizes and high variability of patient cohorts.
Recent data indicate that other biomarkers associated
with neuroaxonal damage, such as tau protein (t-tau),
play an important role in modulating mitochondrial
function and dynamics [14]. To date, the impact of these
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neuronal markers on mitochondrial function and energy
metabolism has never been explored in MS.
The aim of our study was to investigate the following:
(1) the level of CSF lactate in patients with relapsingremitting multiple sclerosis (RRMS) compared to healthy
subjects; (2) the potential value of CSF lactate to predict
disease severity and progression; (3) the relationship between CSF lactate levels and both t-tau and neurofilament
light (NFL) protein.

Methods
The study was approved by the ethics committee of the
Tor Vergata Hospital in Rome, and informed consent
was obtained from all patients.
Study design

We collected CSF from 118 consecutive patients admitted to the Neurology Clinic of Tor Vergata Hospital of
Rome and diagnosed as RRMS according to validated
criteria [15]. Subjects enrolled in the study were treated
with immunomodulatory or immunosuppressive therapies
always after CSF collection. Patients receiving steroids
in the 30 days before lumbar puncture (LP) were not
included.
One hundred fifty-seven age- and gender-matched
individuals, who underwent neurological investigation,
brain magnetic resonance imaging (MRI), and LP for
diagnostic purposes, were enrolled as control subjects.
They resulted negative for inflammatory or degenerative
disorders of the central and peripheral nervous system,
systemic diseases, and of abnormal cell count and/or
other abnormalities in the CSF. Subjects under treatment with drugs interfering with central nervous system
(CNS) were also excluded.
At the time of confirmed diagnosis, all MS patients
started disease-modifying therapy. Second-line treatment
was also considered for patients who experienced at
least two relapses during 1 year of therapy with other
approved immunomodulatory agents.
After their admittance, all patients underwent CSF and
blood tests, complete neurological evaluation, and brain
(and in selected cases also spinal) MRI scan. Clinical status was assessed during outpatient scheduled visits every
3 months. Demographic and clinical data were collected
from medical records. MS disease onset was defined as
the first episode of focal neurological dysfunction suggestive of MS. Disease duration was estimated as the number
of years from onset to the most recent assessment of disability. Clinical activity was defined as the occurrence of
any clinical relapse, during the follow-up period.
Relapses were defined as the occurrence of new or recurrent neurological symptoms not associated with fever
or infection lasting for at least 24 h. The annualized relapse rate (ARR) was defined as the number of relapses
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per year. In addition, the number of relapses in the first
2 years of the disease course and the time until the first
relapse were used as clinical indexes of inflammatory activity. Disability was determined by a trained neurologist
using the expanded disability status scale (EDSS) (http://
www.neurostatus.net/index.php?file=start), a ten-point
scale measuring neurological disability by rating nine
different neurological domains [16]. Sustained EDSS
progression was defined as a one-point increase persisting for at least 6 months. The EDSS score, assessed
every 6 months after diagnosis, was used in combination
with disease duration to calculate two measures of disease severity: the progression index (PI) and the multiple
sclerosis severity scale (MSSS). The PI was defined as
the current EDSS score divided by disease duration
expressed in years. The MSSS is an algorithm that relates EDSS scores to distribution of disability in patients
with comparable disease duration [17]. MSSS has advantages over the PI such as being more stable over time
and more accurate when comparing disease severity
using single assessment data. We also considered the
Bayesian risk estimate for multiple sclerosis (BREMS)
score that was calculated using gender, age at onset, and
clinical events during the first year of the disease to
identify individual risk of secondary progression [18].
CSF sampling and analyses

All CSF samples were obtained through LP performed in
lateral decubitus. CSF samples were collected in polypropylene tubes using standard sterile techniques. Each
CSF sample was divided in two aliquots: 2 ml of CSF
sample were used for biochemistry analysis including
total cell count and lactate levels; 3 ml of CSF sample
were centrifuged at 1300 rpm for 10 min after withdrawal to remove cellular elements and immediately
stored at −80 °C until used. Biochemistry assays were
carried out using commercially available kits following
the manufacturer’s instruction. NFL was detected in CSF
samples using commercial ELISA kit (Uman Diagnostics
NF-light® assay, Umea, Sweden). The levels of NFL in
CSF were measured by fitting data to a four-parameter
standard curve using GraphPad Prism Software Package
(San Diego, CA, USA).CSF levels of t-tau were quantified with standard procedures, using commercially available ELISA test (FujireBio, Tokyo, Japan). The biomarker
concentrations were calculated using a standard sigmoid
curve equation (www.fdi.com).
Statistical analysis

Data distribution was analyzed through KolmogorovSmirnov test. Between group comparisons of CSF lactate, NFL and t-tau levels were performed by means of
Mann-Whitney test. Within the MS group, the relationships between the CSF levels of lactate, NFL, and t-tau
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with other clinical and radiological variables were evaluated using Spearman’s correlation analysis and partial
correlation analysis to adjust the results for age and gender. P value of <0.05 was considered to be statistically
significant.

Results
The demographic features and clinical characteristics of
RRMS patients are shown in Table 1. The median
follow-up duration was 5 years. EDSS values ranged
from 0 to 3.5.
CSF lactate levels are higher in RRMS patients compared
to controls

CSF lactate was higher in RRMS patients compared to
controls (p = 0.008) (Fig. 1). Lactate levels correlated
with age at the time of LP both in the RRMS (rs = 0.19;
p = 0.001) and control (rs = 0.30; p < 0.001) groups (not
shown).
CSF lactate levels correlate with future measures of
disease severity

A negative correlation was found between lactate levels
and disease duration in MS patients (rs = −0.21; p =
0.008). In contrast, lactate levels did not correlate with
clinical disability assessed by the EDSS at the time of
CSF withdrawal. At long-term follow-up, there were significant correlations between lactate levels at diagnosis
and BREMS (rs = 0.152; p = 0.048), PI (rs = 0.227; p =
0.006), and MSSS (rs = 0.178; p = 0.026) scores among all
MS cases (Fig. 2).
After entering age and gender as control variables in a
partial correlation analysis, CSF lactate levels at the time
of LP still showed a significant correlation with PI (r =
0.36; p < 0.001) and MSSS (r = 0.22; p = 0.02, one-tailed).
Conversely, after correction for age and gender, CSF lactate correlation with BREMS lost its significance.
To better investigate the correlation between lactate
and the inflammatory process typical of MS, RRMS subjects were categorized according to the absence (Gd−; n =
60) or the presence (Gd+; n = 58) of contrast-enhancing
lesions at baseline MRI. Our analysis showed that CSF
Table 1 Demographic and clinical characteristics of enrolled
subjects
Variable

Subject group
Control subjects
(n = 157)

Multiple sclerosis
(n = 118)

40/117

38/80

Age (years)

40 ± 15.23

31.3 ± 9.14

Disease duration (years)

N/A

7 ± 5.86

EDSS

N/A

1.25 ± 0.74

Gender (M/F)

Data are mean ± standard deviation
M male, F female, EDSS expanded disability status scale, N/A not applicable
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levels of lactate were similar in the Gd+ group compared
to the Gd− group (p = n.s.), suggesting no involvement of
this biomarker in the acute stage of inflammation. In
addition, non-significant correlations were found between
CSF lactate levels, CSF leukocyte count, or relapse rate.
Furthermore, lactate levels were similar among patients
categorized according to the presence of oligoclonal bands
(present n = 87; absent n = 31) (not shown).
CSF lactate levels correlate with neuronal markers of
axonal damage

The CSF levels of lactate showed a positive correlation
with t-tau (rs = 0.263; p = 0.005) and NFL (rs = 0.305; p =
0.01), well-recognized markers of neuronal damage
(Fig. 3). However, after correcting for age and gender,
the correlation of CSF lactate with t-tau and NFL lost its
significance.

Discussion
Our study shows a correlation between CNS energy metabolism, as measured by means of CSF lactate concentration, and MS disease severity.
In the last decade, increasing evidence suggests that
mitochondrial dysfunction and concomitant oxidative
damage play a role in the pathogenesis of MS, leading to
an energy imbalance and driving neuroaxonal degeneration [5–7, 19]. Under normal homeostatic conditions,
brain lactate is produced through anaerobic glycolysis by
neurons to meet acutely increased energy demands and
by astrocytes to be shuttled to neurons as a substrate for
mitochondrial oxidative metabolism [20, 21]. It is well
known that measurement of CSF lactate concentration
is a useful biomarker in mitochondrial disorders, since
increased CSF lactate levels may represent the result of
accumulating energetic metabolites due to mitochondrial dysfunction [22]. Moreover, the concentration of
cerebral lactate directly depends on its rate of production in the brain, because blood and CSF lactate concentrations are independent from one another [23, 24].
Indeed, data evaluating the CSF lactate levels in MS
patients are not consistent across the studies, most
probably due to the small size and high variability of patient cohorts. Proton-magnetic resonance spectroscopy
(1H MRS) studies showed that MS patients have higher
levels of CSF lactate [12, 13]. MRI studies showed a
correlation between CSF lactate concentration and the
number of inflammatory plaques [8, 11]. In contrast,
data reporting decreased CSF lactate levels in the early
stages of MS or comparable concentration have also
been published [9, 10, 25]. In our study, carried out in a
large cohort of RRMS patients, we noted a significant increase of CSF lactate levels, possibly due to the deranged
use of energetic substrates caused by the impairment of
oxidative phosphorylation cycle.
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Fig. 1 CSF lactate levels are higher in RRMS patients compared to controls. Dot plots of CSF lactate concentration data distribution for
relapsing-remitting MS (RRMS, n = 118) and healthy control subjects (CTRL, n = 157). Horizontal bars represent group mean; dotted lines
represent quartiles

No significant correlation was observed between CSF
lactate levels and the number of contrast-enhancing
lesions, IgG index, CSF leukocyte count, or relapse, suggesting that increased anaerobic pathways and acute inflammation are independent events and supporting the
hypothesis that focal inflammation and neurodegeneration may disconnect early in the disease course [26].
Interestingly, CSF lactate correlated significantly with
PI, MSSS, and BREMS scores, suggesting an association
between altered energy metabolism and MS severity,
that may start during the relapsing-remitting phase of
the disease. Moreover, we observed that CSF lactate
concentrations significantly correlated with age both in
patients and controls, indicating an age-related increase
in CSF lactate independent of MS pathology [27]. Age at
onset is considered a prognostic factor of MS severity; it
may thus represent a possible confounding factor limiting
the significance of our results. However, after correcting
for age and gender, CSF lactate still significantly correlated
with clinical scores of disease severity measured up to
5 years later, indicating that energy metabolism in the
brain is related to MS severity apart from age. Conversely,
after correction for age and gender, CSF lactate correlations with BREMS, t-tau, and NFL lost their significance.
This result may indicate that CSF lactate may depend on
increased glial and/or neuronal metabolism as expected
during MS activity. Indeed, although glucose is usually
assumed to be the main energy source for living tissues,
there are some indications that lactate is preferentially
metabolized by neurons in the brain of several mammalian species [28, 29]. According to the lactate-shuttle
hypothesis, glial cells are responsible for transforming

glucose into lactate and for providing lactate to the
neurons [30, 31].
We found no correlation between CSF lactate levels
and neurologic disability as assessed by the EDSS in
accordance to previous studies [12].
It is well established that CSF tau and NFL levels represent biomarkers of acute neuroaxonal damage [32].
Experimental studies suggested that tau protein may
cause neuronal injury by altering the targeting and function of synaptic mitochondria throughout many mechanisms. In fact, mitochondria are transported along axons
by the motor protein kinesin; it seems that tau is able to
bind this kinesin and compete with other cargos, preventing their attachment and subsequent transport, that
are crucial for proper synaptic activity [33, 34]. Tau may
also directly influence mitochondrial function by reducing mitochondrial membrane potential and ATP levels
increasing susceptibility to oxidative stress, by affecting
the complex I of the respiratory chain or by interfering
with both mitochondrial fission and fusion [14, 35].
Remarkably, inflammation and myelin loss in the CNS
in MS increase the energy demand of a neuron due to
ineffective nerve conductance and thus challenge the
mitochondrial machinery [5]. Presumably as a compensatory mechanism, the density of mitochondria as well
as the transport velocity in the axons increases in
demyelinated neurons [36]. Mitochondria from the
motor cortex of MS patients display abnormal reductions in the activity of complexes I and III, which are
not limited to the areas of myelin loss [37]. Recently, it
has been hypothesized that these mitochondrial changes
are amplified in neuronal cell bodies, causing energy
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Fig. 3 CSF lactate levels correlate with neuronal markers of axonal
damage. CSF lactate levels in relation to a total tau protein (t-tau)
and b neurofilament light protein (NFL), collected during diagnostic
LP in all MS cases, denoted with a circle. Correlations between
lactate and CSF levels of both T-tau and NFL however lost
their significance

Fig. 2 CSF lactate levels correlate with future measures of disease
severity in RRMS patients. Lactate levels in CSF collected during
diagnostic LP in all MS cases, denoted with a circle, in relation to a
Bayesian risk estimate for multiple sclerosis (BREMS), b progression
index (PI), and c multiple sclerosis severity scale (MSSS) scores, after
median 7 years of disease duration. The correlation between lactate
CSF levels and BREMS however lost its significance after correcting
the results for the effect of age and gender

failure in axons and driving neurodegeneration early in
the disease process [26].
Although not yet proven, it is likely that accumulated
neuro-axonal damage may influence per se mitochondrial injury and energy deficiency over time, throughout
a potential tau-dependent amplification mechanisms, as
reported in other neurodegenerative disorders and tauopathies [14]. The inverse relationship between CSF levels
of lactate and disease duration in our MS patients is also
consistent with this hypothesis.
Interestingly, NFL reflects acute axonal loss due to inflammatory mechanisms [38]. In fact, levels of NFL were
higher in MS patients with relapse activity compared to
patients in remission and correlated with the presence of
contrast-enhancing lesions or of CSF oligoclonal bands
[39, 40]. Increased NFL levels in CSF of RRMS patients
were normalized by anti-inflammatory treatment, such
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as natalizumab [41]. Furthermore, NFL implies prognostic
value for conversion from clinically isolated syndrome
(CIS) to definite MS [32, 42]. In our study, increased CSF
lactate significantly correlated with the concentration of
NFL in the CSF of RRMS patients. We proposed that
higher CSF levels of NFL in patients with more impaired
energy state may reflect subtle and overlapping forms of
axonal damage, causing metabolic adaptations that become progressively detrimental for neurons. This hypothesis is also supported by the constant release of NFL into
CSF previously found during all stages of MS, even in the
absence of relapses or new MRI activity [43].

Conclusions
Early mitochondrial dysfunction may be reversible and a
valuable new target for treatment [44]. The results of the
present study point to impaired energy metabolism and
mitochondrial function as important mechanisms contributing to disease severity in MS, supporting the concept
that therapies aimed at ameliorating mitochondrial injury
might be helpful to prevent disability accumulation/
progression in MS patients.
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Previous studies have suggested cerebrospinal fluid (CSF) levels of neurofilament light (NFL)
and total tau are elevated in Huntington's disease (HD) and may be used as markers of disease stage. Biomarkers are needed due to the slow disease progression and the limitations of
clinical assessment. This study aims to validate the role of NFL and tau as biomarkers in HD.

Methods
CSF was obtained from a cohort of HD patients and premanifest HD-mutation carriers. Unified Huntington's Disease Rating Scale (UHDRS) testing was performed on all subjects at
the time of sampling. NFL and tau concentrations were determined by ELISA. Spearman
correlations were calculated with R version 3.2.3.
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Results
11 premanifest HD and 12 manifest HD subjects were enrolled. NFL and tau levels were
correlated. NFL showed strong correlations with all items included in the clinical assessment
(for example the total functional capacity (TFC) (r = - 0.70 p < 0.01) and total motor score
(TMS) (r = 0.83p < 0.01). Tau showed slightly weaker correlations (eg. TMS (r = 0.67 p <
0.01); TFC (r = - 0.59 p < 0.01)). NFL was significantly correlated with 5-year probability of
disease onset, whereas tau was not.

Conclusion
This study strengthens the case for NFL as a useful biomarker of disease stage. NFL was
strongly correlated to all evaluated items in the UHDRS assessment. Tau also has a potential for use as a biomarker but correlations to clinical tests are weaker in this study. We suggest that NFL and possibly tau be used in clinical drug trials as biomarkers of disease
progression that are potentially influenced by future disease-modifying therapies.
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1. Introduction
Huntington's disease (HD) is an autosomal dominant inherited neurodegenerative disease
caused by a CAG expansion of the HTT-gene. The triplet expansion gives rise to a cascade of
downstream pathophysiological events that are still subject to intense research. The leading
hypothesis is that mutant huntingtin (mtHTT) interacts with other proteins and alters their
function, resulting in impaired axonal transport, disturbed energy metabolism, dysregulation
of gene transcription, protein aggregation [1], and decreased neurotrophic support in the striatum. The last offers an explanation of why the striatum is severely affected [2]. Surprisingly,
due to a process called RAN-translation, mtHTT is not the only disease-causing protein that is
expressed from an expanded HTT-gene, and this new finding warrants further investigation
[3].
The symptoms of HD include motor impairment and chorea, cognitive decline and a variety of psychiatric symptoms. Current treatment options are purely symptomatic, as there are
no disease-modifying drugs. However, several promising clinical trials are underway [4].
One difficulty in performing HD trials is the lack of `wet`biomarkersfor disease progression, and currently trials rely on clinical evaluation susceptible to symptom fluctuations and
inter-rater variability. Some promising candidate biomarkers recently suggested remain to be
validated [5]. In the search for biomarkers, cerebrospinal fluid (CSF) has an advantage over
blood because of its proximity to the neurodegenerative process. Biomarkers are needed in
clinical trials due to the slow disease progression and the limitations of clinical assessment [6].
Neurofilament triplet is a family of structural proteins of neurons especially found in their
axons present in the white matter of the brain. Neurofilament light subunit (NFL) is hypothesized mainly to be a biomarker of white matter lesions [7]. Its elevated concentrations are
linked to axonal damage in neurological diseases like multiple sclerosis [8] and amyotrophic
lateral sclerosis [9]. Disease-modifying therapies have already been shown to lower NFL levels
in multiple sclerosis which was associated with improved clinical and radiological outcome
[10, 11]. Neuroimaging studies show pathological white matter changes already in premanifest
and early HD [12].
Total tau (hereafter referred to as tau) is primarily an axonal protein with microtubule stabilizing function which has gained use as a biomarker in neurodegenerative diseases, most
notably in AlzheimerÂsdisease [13]. Accumulating evidence from studies with different methodologies suggest HD is a secondary tauopathy, where neurofibrillary tangles are overrepresented in later stages as well as in a phenotype with prominent dementia (for a review see
[14]). CSF studies have found elevated levels of NFL [15±17] and tau [16±19] in HD and that
these are possible biomarkers for disease stage [16, 17, 19].
This study aims to compare NFL and tau, head-to-head, in an HD-cohort to validate their
role as biomarkers for disease progression in HD.

2. Materials and methods
2.1 Definition of participants and clinical assessment
The participants were recruited from the HD clinic at Uppsala University Hospital and were
either premanifest gene expansion carriers or manifest HD subjects. Premanifest gene expansion carriers were defined as individuals with a CAG-expansion (>35 repeats) of the HD-gene
and with a diagnostic confidence level (DCL) below 4 [20]. Manifest HD subjects were defined
as individuals with a CAG-expansion (>35 repeats) in the HD gene and a DCL of 4 [20].
Clinical assessment included the Unified HD Rating Scale Â99(UHDRS) total motor score
(TMS) [21], total functional capacity (TFC) [22], stroop word matching task, stroop color
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matching task, stroop interference, symbol-digit modality test (SDMT) [21], letter verbal fluency test [23], category fluency test (animals) [24]. Disease burden was calculated according to
CAG-repeat number and age, using the formula (CAG-35.5) x age [25]. 5-year probability of
disease onset was determined by age and CAG-repeat number [26]. Clinical assessment took
place on the day of CSF collection by experienced clinical HD raters.
The study was conducted in accordance with the declaration of Helsinki and was approved
by the regional ethical review board in Uppsala, Sweden (DNR 2012/274). All participants
signed an informed consent before study entry.

2.2 CSF sample collection and handling
CSF was collected by lumbar puncture according to a standardized protocol at Uppsala University Hospital. The CSF was put on ice before centrifugation at 1300 G for 10 minutes at 4
degrees Celsius. The acellular proportion was stored at -70 degrees Celsius until the time of
analysis. Polypropylene tubes (Sarstedt) were used throughout the procedures of collecting
and storage of CSF to avoid protein adsorption. The time of day for sampling varied and there
was no standard of fasting before the procedure.

2.3 Biochemical analyses
CSF NFL levels were measured using a sandwich ELISA method (NF-light1 ELISA, Uman
Diagnostics, Umeå, Sweden) as described previously in detail [27], while CSF tau levels were
measured using the INNOTEST ELISA method (hTau Ag, Fujirebio Europe, Belgium) as
described previously [28]. All samples were analyzed in one batch by board-certified laboratory technicians who were blinded to clinical information.

2.4 Statistical analyses
Tests for normality of distribution included Shapiro-Wilk in conjunction with inspection of
histograms and the skewness statistic. Age was normally distributed but NFL and tau levels
were not. A Mann-Whitney U test of the effect of sex category on tau and NFL concentrations
was performed.
The correlations between tau and NFL versus clinical test scores, were evaluated using
Spearman rank correlation coefficients. In addition to univariate correlation the Spearman
correlation coefficients were adjusted for age and disease burden, respectively. Statistical significance was defined by a p-value of less than 0.05.
In order to evaluate the difference in NFL and tau between manifest and premanifest HD
two separate analyses of covariance models were calculated, adjusted for age.
The p-values for the age-adjusted correlations between NFL and the independent factors
were adjusted for multiplicity using the Bonferroni-Holm method, and all other reported pvalues are unadjusted.
Statistical analyses were performed using R version 3.2.3. Graphs were created with GraphPad Prism version 7.

3. Results
The study enrolled 23 participants (mean age 42.7; standard deviation [SD] 14.4 range 19±72
years; Table 1). Of these, 11 (47.8%) were premanifest gene expansion carriersÐ12 (52.2%)
were manifest HD subjects. The characteristics of both subgroups are described in Table 1.
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Table 1. Characteristics of the study population.
Group

N

Age Mean (SD)

Male: female ratio

CAG Mean (SD)

Disease burden Mean (SD)

TFC Mean (SD)

TMS Mean (SD)

Total

23

42.7 (14.4)

13:10

43.7 (3.3)

326.3 (94.7)

11.4 (2.8)

17.3 (20.4)

Premanifest HD

11

33 (9.6)

6:5

44.1 (4.1)

261.2 (78.7)

13 (0)

1.3 (1.3)

Manifest HD

12

51.5 (12.4)

8:5

43.5 (2.6)

385.6 (65.6)

9.9 (3.2)

32.1 (18.4)

HD, Huntington's Disease; SD, Standard deviation; CAG, CAG expansion length; TFC, Total Functional Capacity; TMS, Total Motor Score; Disease
burden, (CAG-35.5) x age.
doi:10.1371/journal.pone.0172762.t001

3.1 NFL and tau concentrations
The concentrations of NFL were significantly higher in the manifest HD patients compared
with the premanifest gene expansion carriers after adjustment for age (p = 0.003) but there
was no significant difference between the two groups in the concentrations of tau after adjustment for age (p = 0.416). The concentrations of NFL and tau were significantly correlated
(r = 0.85 p, < 0.0001) (Fig 1A). There was a significant correlation with disease burden for
NFL (r = 0.69, p < 0.01) (Fig 1B) and tau (r = 0.56, p < 0.01) (Fig 2B). NFL correlated with
5-year probability of disease onset in the premanifest gene expansion carriers (n = 11 r = 0.72
p = 0.0153) (Fig 1C) but the correlation for tau was not significant (n = 11 r = 0.48, p = 0.1373)
(Fig 2A).
Three young presymptomatic gene expansion carriers, who were among those farthest
from predicted disease onset, had normal NFL levels according to the laboratory's age-stratified reference range [29]. There was no association between sex and concentrations of tau or
NFL (p = 0.74).

3.2 NFL and tau correlations with clinical testing
NFL showed strong correlations with all tests in the clinical assessment. After adjustment for
age correlations for 6 out of 8 tests scores remained significant±correlations with total functional capacity (Fig 1D) and symbol digit modality were no longer significant. Correlations
with total motor score, stroop color, stroop interference (Fig 3A) and letter verbal fluency
remained significant after adjustment for multiplicity using the Bonferroni-Holm method.
None of the NFL correlations survived adjustment for disease burden (Table 2).
Moderate to strong correlations were found between tau and all the clinical scores included
(Figs 2 and 3), but the magnitudes were slightly lower compared to those of NFL (Fig 3). None
of the tau correlations survived adjustment for age, or disease burden score (Table 3).

4. Discussion
This study found significantly increased levels of NFL in manifest HD compared to premanifest gene expansion carriers. Tau levels had a similar tendency, although not significant after
adjustment for age.
The following two sections will discuss the ability of NFL and tau to predict the clinical phenotype in HD, and compare these results with previous findings to analyze their relevance.

4.1 Previous findings
The first study on NFL enrolled only manifest HD patients (n = 35) and found that they had
significantly higher levels of NFL in CSF compared with age and gender matched controls
[15]. Out of 14 items in the clinical test battery, only the total functional capacity was significantly correlated with NFL levels after adjustment for age. Another study focused on
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Fig 1. Correlations between NFL and disease progression in Huntington's disease. (A) Neurofilament light (NFL) and tau levels are significantly
correlated. NFL correlates positively with (B) disease burden and (C) 5-year probability of disease onset but negatively with (D) total functional
capacity. ○ Premanifest gene expansion carrier • Manifest Huntington’s disease.
doi:10.1371/journal.pone.0172762.g001

evaluating a novel assay for quantifying mutant huntingtin (mtHTT) in CSF but also performed
analyses of NFL (n = 14) and tau (n = 24) including both premanifest gene expansion carriers
and manifest HD patients. Interestingly, mtHTT had a positive linear association with NFL and
tau respectively (perhaps indicating that mtHTT was leaking out of degenerating neurons).
NFL had correlations with cognitive test scores of similar magnitude as those of mtHTT but the
correlations of NFL did not survive adjustment for disease burden, perhaps due to fewer available samples. Even though the sample size for tau was the same as for mtHTT, correlations with
clinical test scores did not survive adjustment for disease burden, indicating tau may not have
the same predictive ability on phenotype as mtHTT [16]. A recent study of tau included a larger
sample (n = 52) and found significant correlations between tau concentrations, total functional
capacity, total motor score and cognitive test scores after adjustment for age and in the majority
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Fig 2. Correlations between tau and disease progression in Huntington's disease. Tau does not correlate with (A) 5-year probalility of disease
onset but correlations with (B) disease burden, (C) total functional capacity, and (D) total motor score were significant. ○ Premanifest gene expansion
carrier • Manifest Huntington's disease.
doi:10.1371/journal.pone.0172762.g002

of these tests, the correlations remained significant after adjustment for disease burden as well
[19]. Recent findings in a study by Vinther-Jensen et al [17] (n = 80) support NFL as a correlate
for disease burden, with levels rising already in the premanifest stage, where tau levels were only
elevated in the premanifest gene expansion carriers with psychiatric symptoms compared to
those without. Total motor score was correlated with NFL levels after adjustment for disease
burden.

4.2 Neurofilament light subunit correlates stronger with disease
progression compared with tau
This study strengthens the case for NFL as a biomarker of disease stage which was correlated
to 6/8 items in the UHDRS assessment after adjustment for age. Total motor score, stroop
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Fig 3. Comparing the correlations of neurofilament light and tau with cognitive test scores. Neurofilament light (NFL) has stronger correlations
with clinical scores like (A) stroop interferens, and (B) category fluency, compared with (C and D) tau. ○ Premanifest gene expansion carrier • Manifest
Huntington's disease.
doi:10.1371/journal.pone.0172762.g003

color, stroop interference and letter verbal fluency remained significant after adjustment for
multiplicity. The correlations with clinical scores were stronger than in the first study published that used an older ELISA with lower precision [15], and of the same magnitude as in a
more recent study [16].
Our study, in agreement with two previous studies [16, 17], found NFL levels in premanifest gene expansion carriers that increase in the prodromal stage as the 5-year probability of
disease onset rises, which indicates ongoing axonal damage in the white matter. This is in
agreement with previous knowledge about early involvement of white matter before clinical
onset of HD. However, we note that those individuals farthest from predicted clinical onset
had normal NFL values (according to published reference values [29]). In agreement with a
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Table 2. Spearman correlations between NFL and clinical test scores adjusted for age and adjusted for disease burden compared with the direct
correlations.
Partial Correlation (age)

p-value

Partial Correlation (disease burden)

p-value

Direct correlation

p-value

Total motor score

0.63

<0.01*

0.27

0.23

0.83

<0.01

Stroop color

-0.56

0.01*

0.02

0.93

-0.82

<0.01

Stroop word Reading

-0.46

0.04

0.10

0.67

-0.75

<0.01

Stroop interference

-0.64

<0.01*

-0.22

0.35

-0.85

<0.01

Category ¯uency

-0.56

0.01

-0.21

0.40

-0.83

<0.01

Verbal ¯uencyÐl etters

-0.60

<0.01*

-0.27

0.25

-0.75

<0.01

Symbol-digit modality test

-0.34

0.14

0.11

0.65

-0.76

<0.01

Total functional capacity

-0.31

0.17

-0.05

0.84

-0.70

<0.01

* signi®cant after adjustment for multiplicity using the Bonferroni-Holm method.
doi:10.1371/journal.pone.0172762.t002

recent study [17], we found no correlation between tau and 5-year probability of disease onset,
which indicates that tau is less suitable than NFL in the premanifest stage.
The magnitude of correlations between tau and disease stage were similar in our study compared to Rodrigues et al. [19], but correlations did not survive adjustment for age or disease
burden.
Overall, these results suggest that, compared to tau, NFL is superior in the ability to predict
the clinical phenotype in HD.
The most important limitation to this study is the small sample. Some trends suggested
herein may prove significant in larger materials. Timing of meals and the time of day for sampling varied, but this is not likely to influence the results, at least regarding tau [30]. To avoid
such limitations, we would like to recommend the HD Clarity project which is a new initiative
for a multicenter collection of HD CSF which aims to enroll a large number of participants
allowing statistical power for multiple analyses while offering a standardized protocol for CSF
collection.
Disease burden is likely a confounding factor for the direct correlation between any adequate biomarker and disease stage in HD. It is therefore no surprise that adjustment for disease
burden weakens the correlations of tau and NFL with clinical scores sizably. After all, the natural history of HD is governed by disease burden to a large extent [26]. Keeping in mind that
disease burden is unchangeable, the correlations seen in this study are strong and suggest that
especially NFL could be valuable for monitoring disease activity. While measurement of CSF
mtHTT may offer proof of concept for huntingtin lowering drugs, it does not directly reflect
neurodegeneration like the biomarkers in this study. Therefore, we suggest that NFL and
Table 3. Spearman correlations between tau and clinical test scores adjusted for age and adjusted for disease burden compared with the direct
correlations.
Partial Correlation (age)

p-value

Partial Correlation (disease burden)

p-value

Direct correlation

p-value

Total motor score

0.31

0.15

0.03

0.88

0.67

Stroop color

-0.27

0.24

0.12

0.60

-0.67

<0.01

Stroop word Reading

-0.25

0.27

0.09

0.71

-0.63

<0.01

Stroop interference

-0.38

0.09

-0.08

0.73

-0.71

<0.01

<0.01

Category ¯uency

-0.35

0.14

-0.08

0.76

-0.72

<0.01

Verbal ¯uencyÐL etters

-0.29

0.20

-0.02

0.92

-0.59

<0.01

Symbol-digit modality test

-0.21

0.37

0.04

0.87

-0.65

<0.01

Total functional capacity

-0.14

0.55

0.03

0.89

-0.59

<0.01

doi:10.1371/journal.pone.0172762.t003
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possibly tau be used in clinical drug trials as biomarkers of disease progression that are potentially influenced by future disease-modifying therapies.
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Abstract
Objective: Neuronal ceroid lipofuscinosis type 2 (CLN2 disease) is a rare,
progressive, fatal neurodegenerative pediatric disorder resulting from deficiencies of the lysosomal enzyme tripeptidyl peptidase 1 that are caused by mutations in TPP1. Identifying biomarkers of CLN2 disease progression will be
important in assessing the efficacy of therapeutic interventions for this disorder. Neurofilament light is an intrinsic component of healthy neurons; elevated circulating extracellular neurofilament light is a biomarker of
neuropathology in several adult-onset neurological diseases. Our objective was
to assess whether circulating neurofilament light is a biomarker that is
responsive to enzyme replacement therapy (ERT) in CLN2 disease. Methods:
Using an ultrasensitive immunoassay, we assessed plasma neurofilament light
changes during disease progression in a canine model of CLN2 disease and in
ERT clinical trial CLN2 disease patients. Results: In tripeptidyl peptidase 1
(TPP1)-null dogs (N = 11), but not in control dogs [N = 6 (TPP1+/ ) and
N = 27 (WT)], neurofilament light levels increased more than tenfold above
initial low baseline levels during disease progression. Before treatment in 21
human subjects with CLN2 disease (age range: 1.72–6.85 years), neurofilament
light levels were 48-fold higher (P < 0.001) than in 7 pediatric controls (age
range: 8–11 years). Pretreatment neurofilament light did not significantly correlate with disease severity or age. In CLN2 disease subjects receiving ERT,
neurofilament light levels decreased by 50% each year over more than 3 years
of treatment. Interpretation: Our data indicate that circulating neurofilament
light is a treatment-responsive biomarker in CLN2 disease and could contribute to understanding of the pathophysiology of this devastating pediatric
disorder.

Introduction
Neuronal ceroid lipofuscinosis type 2, also known as
CLN2 disease, is a rare, autosomal recessive neurodegenerative condition in the neuronal ceroid lipofuscinoses
(NCL) family of lysosomal storage disorders, affecting
fewer than 1 in 100,000 live births in most studied populations.1–3 A number of sequence variants in TPP1 cause
a deficiency of the lysosomal enzyme tripeptidyl peptidase

1 (TPP1) leading to intracellular accumulation of autofluorescent storage material, progressive neuronal dysfunction, brain atrophy, and retinal degeneration.1,2,4 In most
cases, the onset of clinical signs occurs between 2 and
4 years of age. Typically, seizures are the first signs, followed by rapidly progressive language delay, motor dysfunction, ataxia, dementia, vision loss, and early death,
usually by mid-adolescence.1 In clinical trials, intracerebroventricular (ICV) infusions of the enzyme replacement
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therapy (ERT) cerliponase alfa (recombinant TPP1) led to
over 80% attenuation in the rate of decline in motor and
language scores of the CLN2 Clinical Rating Scale over a
96-week treatment period.5 A canine model of CLN2
disease, the TPP1-null Dachshund, also displays progressive neurological dysfunction and brain atrophy that can
be ameliorated by infusions of recombinant human
TPP1.6
While the CLN2 Clinical Rating Scale is a standardized,
quantitative scoring system, it does not include any measures of biochemical changes.5 Molecular markers of
CLN2 disease pathophysiology would provide a quantitative measure of disease pathology to complement the
CLN2 score, enabling clinicians to track physiological
changes. Studies addressing gaps in NCL biomarkers have
been limited by sample number and tissue accessibility,7
and often focused on biochemical consequences of the
lysosomal defect. N-acetylaspartate:creatinine ratios8 and
brain and peripheral dolichol and lipid peroxidation
products vary with disease state,9–11 as do urinary concentrations of mitochondrial ATP synthase subunit c, and
plasma trimethyl-L-lysine and carnitine.12,13 In cerebrospinal fluid (CSF) from CLN2 disease patients, proteomic profiling identified 34 proteins that were altered
compared to controls,14 and an untargeted metabolite
profiling study found 29 features that correlated with disease severity.15
Neurofilament light (NF-L, gene: NEFL), the most
abundant of the four subunits comprising axonal and
dendritic neurofilaments, acts in axonal growth and
maintenance.16,17 While NEFL gene expression is limited
to nervous system tissues,18 NF-L protein is detectable in
CSF, serum, and plasma from healthy individuals, and is
elevated in patients with neurological diseases including
Alzheimer’s disease, mild cognitive impairment, Guillain–
Barre syndrome, amyotrophic lateral sclerosis, Huntington’s disease, multiple sclerosis, and HIV-associated
dementia.16,19–22 Elevated NF-L has been linked to faster
brain atrophy and disease progression in Alzheimer’s disease, mild cognitive impairment, amyotrophic lateral sclerosis, Huntington’s disease, frontotemporal dementia, and
progressive supranuclear palsy.16,20,22–28 Decreases in NFL were observed following therapeutic interventions in
multiple sclerosis, spinal muscular atrophy, and HIV, and
following recovery from head injury.16,21,29–34 In several
neurological conditions, NF-L levels in CSF and serum or
plasma were correlated.16,19–21,23,26,31,33,35–38 Elevated
levels of NF-L in animal models of neurodegeneration,16,39,40 and decreases following treatment in a model
of HIV, demonstrate cross-species translatability of NF-L
as a biomarker of active neurological disease or injury.41
These studies led us to evaluate whether NF-L is a disease-associated biomarker in CLN2 disease.
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Methods
Canine model, cerliponase alfa treatment,
and samples
Studies utilizing miniature long-haired Dachshunds were
reviewed and approved by the University of Missouri
Animal Care and Use Committee. All studies were conducted in accordance with the United States Public
Health Service’s Policy on Humane Care and Use of Laboratory Animals. Affected dogs were generated by breeding carriers that were heterozygous for a c.325delC null
mutation in TPP1. Dogs were genotyped at this locus
using an allelic discrimination assay.42 A total of 11
Dachshund dogs homozygous for the TPP1 null mutation
(TPP1 / ) and 6 Dachshund dogs heterozygous for the
TPP1 null mutation (TPP1+/ ) were evaluated. TPP1-deficient dogs included in this study were treated with
intraocular cerliponase alfa by intravitreal injection, and
plasma samples were collected at four timepoints between
89 and 251 days. TPP1 activity is not expected outside of
the eye based on negligible systemic distribution after
intravitreal injection, which is typical for large molecule
protein therapeutics.43 Control plasma samples from 27
Beagles aged 3–24 months were purchased from BioIVT
(NY, USA); control samples were collected at an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility that has
Institutional Animal Care and Use Committee oversight.

Clinical trial subjects and samples
Plasma samples from human subjects with CLN2 disease
were available from international clinical trials on the
safety and efficacy of cerliponase alfa: BMN 190-201
(NCT01907087), BMN 190-202 (extension study of BMN
109-201;
NCT02485899),
and
BMN
190-203
(NCT02678689), all performed in accordance with the
Declaration of Helsinki. Written informed consent was
provided by parents or legal guardians and approved by
the relevant ethics boards. Details of the subject eligibility
criteria have been published elsewhere.5 A single pretreatment (i.e., baseline) sample was available from 4 subjects;
baseline and longitudinally collected samples (from
patients with more than 3 months of treatment) were
available from 15 subjects; baseline and longitudinally collected samples (from patients with fewer than 3 months
of treatment) were available from 2 subjects; longitudinal
samples without a baseline measurement were available
from 3 subjects. Control plasma samples were obtained
from seven unrelated individuals not known to have neurological diseases using the BioIVT resource (https://
www.bioivt.com/).
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NF-L measurements
Human and cohort 2 samples (dogs 12–17) were stored at
60 to 80°C, centrifuged to remove debris, and analyzed
at Quanterix Corporation using a commercially available
two-step digital immunoassay based on single molecule
array (Simoa) technology – the Simoa NF-light Advantage
assay and Simoa HD-1 Analyzer (Uman Diagnostics,
Ume
a, Sweden and Quanterix Corporation, Lexington,
MA, USA). Cohort 1 dog samples (dogs 1–11) were tested
at BioMarin Pharmaceutical Inc. with the same method
that used the Simoa NF-light Advantage assay and an
HD-1 Analyzer per manufacturers’ instructions. Longitudinal samples and sample groups used for comparison were
tested in the same analytical run and were analyzed in
duplicate at a four-fold dilution. Of 80 clinical trial samples
available for analysis, data were lost from one replicate in
four cases and run in singlicate due to low sample volume
in two cases. Data from one control replicate was also lost.

Data processing and analysis
Some of the patient plasma samples were collected on dates
without measurements of CLN2 Clinical Rating scores. To
assign CLN2 Clinical Rating scores to each plasma sample,
we used scores measured within 7 days from the date of
sample collection (first preference) or at the latest date preceding sample collection (second preference).
All statistical analyses were performed using R (version
3.4.1; https://www.r-project.org/). Differences between two
groups of samples (patients vs. controls for age and baselines
vs. controls for NF-L) were tested by Wilcoxon rank sum
tests. Association of baseline NF-L levels with age was measured by both Spearman’s rank and Pearson correlation
coefficients. Association of baseline NF-L levels with CLN2
Clinical Rating scores was measured by Spearman’s rank
correlation coefficient. Association of patient NF-L levels in
log scale with treatment time was examined by a linear
model implemented in the limma package in R after adjusting for age at baseline and CLN2 Clinical Rating scores, and
treating patients as a random effect.44,45 In the canine model
of CLN2 disease, association of NF-L expression in log scale
with age, and association of plasma NF-L and CSF NF-L
levels in log scale were evaluated using the limma package by
a linear model adjusted for differences between dogs. A Pvalue less than 0.05 was considered statistically significant.

The Biomarker Neurofilament-Light in CLN2 Disease

1), NF-L levels started to increase around 4 months of
age (Fig. 1A). In a second, slightly older cohort of six
TPP1 / Dachshunds progressing through the symptomatic stages of neurodegeneration (cohort 2), increases
in plasma NF-L levels were also observed in each animal,
rising to more than ten times initial levels as the animals
approached end stage disease (Fig. 1B). In cohort 1, the
rate of increase in NF-L levels was significantly more
rapid in affected dogs (doubling time of 52 days) than in
carrier dogs (doubling time of 204 days) (P < 0.001); the
rate of increase in affected dogs in cohort 2 (doubling
time of 48 days) was similar to cohort 1. In contrast,
almost all plasma samples from control dogs (Beagles,
N = 27) at 3–24 months of age showed minimal change
in NF-L levels throughout this period, similar to levels
seen in TPP1+/ Dachshunds and TPP1 / Dachshunds
at the very start of neuropathology (approximately
2 months of age when ventricular volume increases have
been noted) (Fig. 1C).6 We note that the carrier Dachshunds display a larger age-dependent increase in NF-L
than is seen in the TPP1+/+ Beagles; however, we cannot
unequivocally ascribe that difference to the different TPP1
genotype versus breed, housing, or other variables.
TPP1+/ Dachshunds are phenotypically normal, showing
no signs of neurological disease and having lifespans that
are typical for healthy dogs of this breed.46
At a subset of the plasma collection time points, CSF
was also collected from the first cohort of Dachshunds;
NF-L levels were measured in those paired CSF samples.
While the absolute levels of NF-L were consistently higher
in CSF compared to plasma at any given age in affected
samples and carriers, the levels in plasma correlated to
the levels in CSF (P = 0.021) (Fig. 2).

Patient characteristics
Plasma samples were obtained from subjects with CLN2
disease who were enrolled in clinical trials of cerliponase
alfa (TPP1 ERT) and from individuals not known to have
neurological diseases. Patient characteristics are shown in
Tables 1 and 2. The median age of the control individuals
was older than the median age of CLN2 disease subjects
by 4.7 years at baseline (Wilcoxon rank sum test,
P < 0.001). ERT was administered to all CLN2 disease
subjects via ICV device, which had been placed 3–15 days
(median = 8 days and mean = 10 days) before baseline5.

Results
NF-L in a canine model of CLN2 disease
increases with disease progression
In a cohort of five affected (TPP1 / ) Dachshunds and
six age-matched carrier (TPP1+/ ) Dachshunds (cohort

NF-L is increased in CLN2 disease subjects at
baseline
Plasma samples were analyzed for NF-L at baseline and
throughout the course of cerliponase alfa treatment. At
baseline, NF-L levels in subjects (N = 21) were 48-fold
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Figure 1. NF-L levels increase in plasma samples from a canine model of CLN2 disease. (A) NF-L levels are shown using a log10 scale on the Yaxis and age on the X-axis. NF-L levels increase more rapidly in affected animals (TPP1 / Dachshunds, N = 5, orange lines) than in carriers
(TPP1+/ Dachshunds, N = 6, blue lines). Animal IDs are annotated. Four of the affected dogs (IDs 1, 2, 3, and 4) were treated with intraocular
cerliponase alfa by intravitreal injection. Color bars on top represent different disease stages: no symptoms (0–60 days, green), ventricular volume
change (61–210 days, yellow), failure to complete T-maze (211–280 days, orange), and death (281–329 days, red).6 (B) NF-L levels are shown
using a log10 scale on the Y-axis and age on the X-axis. NF-L levels increase with progressive symptoms in a second group of TPP1 / animals
treated with intraocular cerliponase alfa by intravitreal injection (Dachshunds, N = 6). Color bars on top represent disease stages as in (A). (C) NFL levels are shown using a log10 scale on the Y-axis and age on the X-axis. In healthy animals (TPP1+/+ Beagles, N = 27), NF-L levels are not
associated with age (P = 0.18). However, if the two outliers with the highest NF-L levels are excluded, the best fit regression line of NF-L levels
increased by only 63% from 90 days to 720 days (P < 0.001). Boxes indicate the interquartile range (IQR), and the median is shown using an
additional horizontal line. Whiskers extend up to the furthest data point within 1.5 times the IQR.

Table 1. Patient characteristics – all subjects and controls.

Population
Median age at baseline (years)
Baseline age range (years)
Sex
Median CLN2 disease rating scale score
(combined motor and language)

CLN2 disease
(N = 24)
4.28
(n = 21*)
1.72–6.85
(n = 21*)
15 F, 9 M
3

Controls
(N = 7)
9
8–11
7M
NA

*Three patients did not provide baseline samples.

Figure 2. Positive correlation between plasma NF-L and CSF NF-L
levels in a canine model of CLN2 disease. NF-L levels in plasma are
shown using a log10 scale on the Y-axis and NF-L levels in matched
CSF are shown using a log2 scale on the X-axis. A subset of the time
points from Figure 1 that had matched plasma and CSF NF-L
measurements are plotted. Animal IDs are annotated. In the affected
animals (orange lines), plasma NF-L level increased by 56%
(P = 0.021) if CSF NF-L level increased by 100%. Carriers are shown
as blue lines or triangles.

higher than those in control samples (N = 7); median (interquartile range [IQR]) = 153.2 pg/mL (118.7–183.4) in
subjects versus 3.21 pg/mL (2.75–4.23) in controls (Wilcoxon rank sum test, P < 0.001) (Fig. 3). All CLN2 disease
subjects had higher NF-L concentrations than any of the
controls, with the lowest baseline value in a CLN2 disease
subject (79.83 pg/mL) being over 14-fold higher than the
highest control value (5.52 pg/mL).

NF-L is not associated with age or symptom
severity at baseline
To determine if, within the patient population, baseline
NF-L levels are associated with severity of neuropathology
and symptoms, or with age, we examined associations

between baseline NF-L, age, and CLN2 Clinical Rating
scores (Fig. 4A and B). No associations were found with
either age (N = 21, Pearson’s correlation coefficient = 0.08, P = 0.73; Spearman’s correlation coefficient = 0.22, P = 0.33) or combined baseline motor and
language scores (N = 21, Spearman’s correlation coefficient = 0.02, P = 0.95). NF-L levels were variable across
both ages and CLN2 Clinical Rating scores, with the highest levels found in subjects in the middle of the age group
studied and subjects scoring in the middle of the rating
scale. Subjects with low scores, and therefore more severe
disease, did not consistently have the highest NF-L levels.

NF-L decreases in CLN2 disease patients
following cerliponase alfa treatment
To examine the effect of cerliponase alfa on neuropathology, NF-L levels were measured in longitudinal plasma
samples from 18 clinical trial subjects who had samples collected after at least 3 months of treatment. These patients
provided between two and seven samples, with a median
time on treatment of 33 months (range = 11–43 months).
NF-L levels decreased during treatment by about 50% each
year compared with the previous year (95% CI: 46.1%–
53.8%; P < 0.001) (Fig. 5). While NF-L did temporarily
increase at some time points for five subjects, overall NF-L
levels continued to decrease over the course of treatment
for all subjects.
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Table 2. CLN2 disease patient subsets.
Baseline
sample only
(n = 4)

Population
Median age at baseline (years)
Baseline age range (years)
Sex
Baseline median CLN2 disease
rating scale score (combined
motor and language)

3.89
1.72–4.81
2 F, 2 M
4

Baseline and longitudinal
samples, ≥3 months of
treatment (n = 15)
4.35
3.10–6.85
9 F, 6 M
3

Baseline and longitudinal
samples, <3 months of
treatment (n = 2)
3.68
2.88–4.48
2F
4.5

Longitudinal samples with
no baseline measurement
(n = 3)
3.03
2.98–4.28
2 F, 1 M
6

Discussion

Figure 3. NF-L levels in plasma samples from CLN2 disease patients
at baseline and control individuals. Box plots of NF-L levels in two
groups are displayed using a log10 scale on the Y-axis. NF-L levels are
significantly increased in patients (N = 21, range 79.83–388.09)
compared with controls (N = 7, range 2.08–5.52) (Wilcoxon rank sum
test, P = 1.7 9 10 6). NF-L levels are shown using a log10 scale, with
boxes indicating the interquartile range (IQR), and the median shown
using an additional horizontal line. Whiskers extend up to the furthest
datapoint within 1.5 times the IQR.

Five subjects experienced a total of eight episodes of
increased NF-L above previous levels during the first
6 months (numbers 23 and 27) and later in the course of
treatment with cerliponase alfa (numbers 10, 11, 19, and
23). In four of these eight episodes, seizure activity was
reported in the 2 weeks prior to collection of the sample
with increased NF-L. However, in the same set of subjects,
there were four other seizure activity periods reported,
after which NF-L levels were decreased compared with the
previous sampling. None of the episodes of increased NFL level above previous levels was associated with concurrent cerliponase alfa dose interruption.

2442

This study is the first to examine a biochemical biomarker of treatment response in patients with CLN2 disease
and is the first to examine NF-L in a pediatric population with a lysosomal storage disorder. The TPP1 /
dogs provided an opportunity to follow NF-L during the
natural course of disease development. In addition, the
absence of allelic heterogeneity of the TPP1 locus (as
found in humans), the comparatively homogeneous
genetic background of the animal model, and the consistent environment reduce variability in the course of the
canine disease compared with the range seen in children.
We demonstrated post-disease onset increases in NF-L in
the canine disease model, and while there are speciesspecific differences in absolute levels of plasma NF-L
(<5 pg/mL in control human samples versus >50 pg/mL
in CLN2 disease patients, versus <20 pg/mL in control
dogs versus >100 pg/mL after disease progression in
TPP1 / dogs), markedly elevated circulating NF-L is a
common feature in CLN2 disease across the two species.
The pre-treatment levels observed in CLN2 disease
patients is at the high end of neurological disease levels
– similar to that seen in amyotrophic lateral sclerosis,
and higher than many other neurodegenerative diseases.16,19–21,23,24,26–28,31
The canine TPP1 / model shows lysosomal storage
body accumulation and follows a predictable and wellcharacterized disease progression, with clinical signs similar to those in children with CLN2 disease, including seizures, ataxia, and visual deficits.6,42,47 The animals reach
end-stage disease status at approximately 44 weeks of age
and disease progression can be ameliorated with CNS
ERT,6 recapitulating the CLN2 disease patient phenotype.
In this predictable genetic disease setting, mild NF-L
increases were observed beginning a few weeks after ventricular volume changes are usually observed, then progressing to 100 pg/mL or higher during or before the
time at which overt cognitive defects usually occurred.
While successive samples from the same animal almost
always showed an increase in NF-L, there was some
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Figure 4. Baseline plasma NF-L levels are not associated with age (A) or motor and language scores (B). The linear regression line is plotted on
the graphs with NF-L levels on the Y-axis and age or CLN2 score on the X-axis. (A) Baseline NF-L levels show high variability with age at baseline
(N = 21), with the highest levels found in patients in the middle of the age group studied. (B) Baseline NF-L levels are also variable for each CLN2
Clinical Rating motor + language score group at baseline (N = 21), with the highest levels found in patients in the middle of the range.

variability (greater than twofold) across affected animals
of the same age. Baseline samples from CLN2 disease
individuals in the cerliponase alfa study (age range: 1.7–
6.9 years) all showed NF-L to be elevated by at least 14fold relative to the highest level in a control individual;
again, NF-L levels also showed considerable differences
between individuals.
It should be noted that while no significant relationships between NF-L and age, nor NF-L and disease severity, were detected in the CLN2 disease patients studied,
those relationships may not be evident in this study
because the available human samples were from subjects
concentrated in limited age and clinical score ranges. It is
possible that investigation of more samples from younger,
presymptomatic patients would reveal a progressive
increase similar to that seen in the canine model. The
observation of elevated NF-L in those subjects with CLN2
Clinical Rating Scale motor-language scores of 6, who
have not yet suffered major declines in either motor or
language function, suggests neuropathological activity
similar to that in patients beginning to show decreases in
CLN2 motor-language scores. Though longitudinal samples from untreated CLN2 disease patients were

unavailable, the range of elevated NF-L levels in these
samples is consistent with the results from the canine
model of the disease where NF-L consistently rises during
disease progression. It should be noted that CLN2 subjects all had an ICV device surgically placed; device placement surgery has previously been shown to result in a
small and temporary increase in NF-L levels.48 While
some of the elevated levels may be the result of the device
placement, the absolute level of NF-L at baseline, the
kinetics of NF-L decline, and the similar observation of
elevated NF-L in the canine model (which were not
catheterized) support the conclusion that NF-L is a marker of CLN2 disease and treatment response.
Importantly, NF-L levels decreased by approximately
50% annually during treatment with cerliponase alfa,
with all subjects displaying decreases over the time period examined. In several subjects, levels decreased almost
to those found in our control population. The repeated
measurement of NF-L levels over a 1- to 4-year treatment period provides insight into the time course and
consistency of the NF-L response. The observation that
NF-L levels displayed a yearly, first-order logarithmic
decline (approximately 50% decline compared with the
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previous year), leads us to speculate that the underlying
neuropathological disease progression is continuing to
decrease over time with ongoing treatment.
In 5 out of 18 subjects, small and rare increases in
NF-L were noted at one or two time points, totaling
eight NF-L elevations out of the 57 total intervals
tested across all individuals (Fig. 5). The rare instances
where NF-L increased during a sampling interval were
anomalies for which we were unable to identify a causal event or any association with disease activity. The
frequency of sample collection does not permit discrimination between rises occurring on a time course of
days or weeks. Neurological adverse events reported
prior to increased NF-L were seizures, which are a hallmark of CLN2 disease. Although seizures sometimes
occurred prior to NF-L increases (four out of eight episodes), there were just as many instances where seizures
did not result in NF-L increase; while we cannot rule
out that some seizures did result in NF-L increases,
these observations suggest that seizures are unlikely to
be the principal event inciting NF-L increase. The few
instances of increases in NF-L levels were not explained
by concurrent interruptions in dosing with cerliponase
alfa.
In addition to its structural role in axons, NF-L plays
a role in neuronal repair.17,49 How its role in repair is
reflected in the levels of NF-L in blood is not well
understood. Interestingly, Lang et al. found NF-L protein
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levels declined dramatically immediately after injury to
mouse sciatic nerves, followed by increased NF-L protein
synthesis by Day 7 postinjury.50 In a similar rat experiment, Nefl mRNA levels declined immediately following
injury but rebounded during the late stage of neuronal
recovery.51 In people who experienced traumatic head
injury, the damage-associated molecular pattern factor
S100B was elevated almost immediately after injury,
while serum NF-L levels rose more gradually over time
with a more extended recovery timeline than S100B to
baseline levels.52 In our canine data, NF-L levels began
to rise after the time when initial ventricular volume
increases were noted. These observations are consistent
with NF-L release being associated with active neuronal
degeneration as well as possible repair mechanisms. Similarly, high baseline levels of NF-L in CLN2 disease subjects could be the result of NF-L being “leaked” from
damaged neurons or released as a result of contemporaneous repair mechanisms. The kinetics of NF-L turnover
are likely to be complex and may include both damageinduced release and repair mechanisms. Furthermore,
how NF-L moves from CSF to the blood, and how it is
turned over in the blood, are not fully understood,
which adds another layer of complexity in interpreting
individual-to-individual variation in plasma NF-L levels,
as well as imperfect tracking of the concentration of NFL in plasma and CSF. Finally, TPP1 deficiency may also
result in NF-L release from peripheral neurons, which
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Figure 5. Plasma NF-L levels decrease during cerliponase alfa treatment in CLN2 disease patients. NF-L levels are shown using a log10 scale on
the Y-axis and time on treatment on the X-axis. Samples were provided over a period of up to almost 4 years (N = 18). Levels decreased by
49.8% annually (95% CI: 46.1%–53.8%; P < 0.001) and are not associated with age at baseline (P = 0.26) or CLN2 Clinical Rating scores
(P = 0.83). The grey area indicates the range of NF-L expression in control samples. Each patient is represented by a different color.

may contribute to the elevated levels observed in the
blood.
To our knowledge, this study is the first to describe
NF-L as a treatment-responsive biomarker of neuronal
pathology in a pediatric lysosomal storage disease. NF-L
may provide clinicians with a tool to objectively follow
the effect of treatment with cerliponase alfa in CLN2 disease and disease-modifying therapy in other lysosomal
storage diseases with neuropathology. Further study is
warranted to confirm NF-L as a disease biomarker that
responds to treatment and to evaluate the role of NF-L as
a biomarker that may inform the timing of treatment initiation.
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Abstract
Background: Prion disease is neurodegenerative disease that is typically fatal within months of first symptoms.
Clinical trials in this rapidly declining symptomatic patient population have proven challenging. Individuals at high
lifetime risk for genetic prion disease can be identified decades before symptom onset and provide an opportunity
for early therapeutic intervention. However, randomizing pre-symptomatic carriers to a clinical endpoint is not
numerically feasible. We therefore launched a cohort study in pre-symptomatic genetic prion disease mutation
carriers and controls with the goal of evaluating biomarker endpoints that may enable informative trials in this
population.
Methods: We collected cerebrospinal fluid (CSF) and blood from pre-symptomatic individuals with prion protein
gene (PRNP) mutations (N = 27) and matched controls (N = 16), in a cohort study at Massachusetts General Hospital.
We quantified total prion protein (PrP) and real-time quaking-induced conversion (RT-QuIC) prion seeding activity in
CSF and neuronal damage markers total tau (T-tau) and neurofilament light chain (NfL) in CSF and plasma. We
compared these markers cross-sectionally, evaluated short-term test-retest reliability over 2–4 months, and
conducted a pilot longitudinal study over 10–20 months.
Results: CSF PrP levels were stable on test-retest with a mean coefficient of variation of 7% for both over 2–4
months in N = 29 participants and over 10–20 months in N = 10 participants. RT-QuIC was negative in 22/23
mutation carriers. The sole individual with positive RT-QuIC seeding activity at two study visits had steady CSF PrP
levels and slightly increased tau and NfL concentrations compared with the others, though still within the normal
range, and remained asymptomatic 1 year later. T-tau and NfL showed no significant differences between mutation
carriers and controls in either CSF or plasma.
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Conclusions: CSF PrP will be interpretable as a pharmacodynamic readout for PrP-lowering therapeutics in presymptomatic individuals and may serve as an informative surrogate biomarker in this population. In contrast,
markers of prion seeding activity and neuronal damage do not reliably cross-sectionally distinguish mutation
carriers from controls. Thus, as PrP-lowering therapeutics for prion disease advance, “secondary prevention” based
on prodromal pathology may prove challenging; instead, “primary prevention” trials appear to offer a tractable
paradigm for trials in pre-symptomatic individuals.
Keywords: Neurodegenerative disease, Cerebrospinal fluid, Biomarkers, Prion, Primary prevention, Clinical trial
design, Neurofilament, Total tau, Real-time quaking-induced conversion

Background
The well-defined pathobiology of prion disease, with
prion protein (PrP) as the sole causal agent [1], has
spurred preclinical development of PrP-lowering drugs
[2, 3]. The rapid progression of prion disease, which is
typically fatal in under a year [4], presents a challenge
for drug development, as symptomatic patients may be
profoundly debilitated by the time of diagnosis and enrollment [5, 6]. Individuals with mutations in the prion
protein (PRNP) gene, many of which are highly penetrant [7], may be aware of their risk decades in advance
of symptom onset [8], creating an opportunity for early
intervention. However, because the unpredictable age of
onset precludes randomizing pre-symptomatic individuals to a disease onset endpoint [9], pre-symptomatic
trials may instead need to rely on a surrogate biomarker
endpoint [10].
“Secondary prevention” trials might recruit presymptomatic individuals with prodromal biomarker
evidence of disease and aim to stabilize or reverse progression of those markers [11]. While decades-long prodromes are well-documented in slower dementias [12,
13], longitudinal imaging and neurophysiological studies
in genetic prion disease have uncovered at most subtle
changes in some individuals ~ 1 year before disease onset
[14–16]. While there exist a small number of case reports [17–19], to date, no systematic studies have reported on fluid biomarkers in pre-symptomatic prion
disease individuals. Neuronal damage markers total tau
(T-tau) and neurofilament light (NfL) in both CSF and
blood are candidates with dramatic elevation in symptomatic prion disease [17, 20–23] and prodromal elevation in slower dementias [12, 13]. Prion “seeding
activity” in CSF measured by real-time quaking-induced
conversion (RT-QuIC) is a candidate with excellent
diagnostic sensitivity and specificity in symptomatic
prion disease [24].
“Primary prevention” trials might recruit presymptomatic individuals at known high genetic risk
without requirement of prodromal pathology and treat
toward a pharmacodynamic biomarker deemed reasonably likely to predict clinical benefit: CSF PrP levels [10].

For reduction in CSF PrP levels to serve as a trial endpoint, mitigation of the dramatic pre-analytical variability observed in historical cohorts [25] will be essential,
and because CSF PrP drops in symptomatic disease, biotemporal stability in pre-symptomatic individuals must
be assessed.
Here, we recruited and characterized a cohort of presymptomatic individuals at risk for genetic prion disease
and controls, in order to assess candidate biomarkers for
primary and secondary prevention paradigms.

Methods
Study design

The study, approved by the Partners Institutional Review
Board in April 2017 (protocol #2017P000214), was conceived and designed with the pre-specified, publicly announced (http://broad.io/mghprionstudy) primary goal
of evaluating the test-retest stability of CSF PrP concentration in individuals at risk for genetic prion disease.
Participants were recruited through IRB-approved advertisements shared by word of mouth and social media by
Massachusetts General Hospital, Prion Alliance, and
CJD Foundation. Participants included known mutation
carriers, individuals at risk (typically 50/50 risk with an
affected first-degree relative), and controls including
genetic prion disease family members who had already
tested negative for a mutation, spouses, and unrelated
but demographically matched local controls. Participation required two study visits to Boston and absence of
contraindication to lumbar puncture (LP). All participants were cognitively sound and provided written informed consent at the time of study enrollment. This
study did not provide predictive genetic testing for genetic prion disease; the research team performed PRNP
genotyping on de-identified samples for research purposes only. Participant details are provided in Supplementary Methods.
Lumbar puncture and CSF processing

The lumbar puncture (LP) for CSF collection was performed using a standardized protocol with a 24-G atraumatic Sprotte needle. The time of day for LP was kept
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consistent across subjects, and 20 mL CSF was collected
per subject where possible. Following collection, CSF
was handled uniformly according to an established
protocol designed to minimize PrP loss to plastic
through measures including (i) highly controlled and
minimized plastic exposure, (ii) uniform storage in aliquots no smaller than 40 μL, and (iii) addition of 0.03%
CHAPS detergent to a subset of CSF to maintain PrP
solubility [25]. Samples were then frozen at − 80 °C until
analysis at the Broad Institute. CSF aliquots containing
0.03% CHAPS were used for PrP quantification by
ELISA; neat CSF aliquots with no additive were used for
T-tau ELISA, NfL ELISA, and RT-QuIC. Because some
LPs were anomalous or unsuccessful, for some participants, CHAPS CSF, neat CSF, or both were not
available. These individuals were excluded from the
corresponding analyses.

Participants

The study was originally designed to recruit 10 mutation
carriers and 10 controls, a number expected to be sufficient to characterize test-retest reliability of CSF PrP as
a descriptive statistic; enrollment was subsequently expanded as funding allowed. Additional file 1: Figure S1
provides a schematic overview of participation inclusion
and exclusion. Data points are omitted from the analysis
where missing due to missed visits or unsuccessful LPs.
For analyses conducted at MGH (assessments, post-LP
survey, CSF total protein), participant data were collected and stored using REDCap [26]. To protect participant privacy, mutations carried by only one individual
are grouped as “other,” and the dates of participants’
second and third visits were scrambled by the addition
of a normally distributed random variable (mean = 0,
standard deviation = 2 weeks or 2 months, for second
and third visits respectively).
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Assessments of cognitive, neuropsychiatric, motor, and
daily functioning

At each study visit, participants completed a battery of
cognitive tests and standardized assessments of mood,
neuropsychiatric symptoms, motor function, and activities of daily living. The cognitive battery consisted of
standard paper and pencil neuropsychological measures
including the Montreal Cognitive Assessment (MoCA)
[27], Verbal Fluency and Color Word Interference subtests within the Delis-Kaplan Executive Functioning System (D-KEFS) [28], the Grooved Pegboard test [29],
Trailmaking Test Parts A and B [30], and the DCTclock
test, which is a digitized version of the standard clock
drawing test [31]. Participants also completed computerized testing on an iPad consisting of the following subtests from the National Institute of Health (NIH)
Toolbox Cognition Battery [32]: (1) Dimensional Change
Card Sort, (2) Flanker Inhibitory Control and Attention
Test, (3) Picture Sequence Memory Test, (4) List Sorting
Working Memory Test, (5) Pattern Comparison Processing Speed Test, (6) Picture Vocabulary Test, (7) Reading
Recognition Test, and (8) Auditory Verbal Learning Test
(Rey), with supplemental 20-min delayed recall administered after completion of the toolbox. Raw scores
obtained from cognitive measures were converted to
standardized scores based on population-based normative data published for each test. Administered selfreport questionnaires included the Beck Anxiety
Inventory (BAI) [33], Beck Depression Inventory (BDI)
[34], Measurement of Everyday Cognition-Short Version
(ECog-12) [35, 36], Epworth Sleepiness Scale [37],
National Prion Monitoring Cohort MRC Scale [38],
Motor Aspects of Experiences of Daily Living section of
the Movement Disorders Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS M-EDL) [39], and
the clinician-administered Neuropsychiatric Inventory—
Questionnaire (NPI-Q) [40].
Post-LP survey

Positive control samples from symptomatic prion disease
patients

N = 26 anonymized pre-mortem cerebrospinal fluid samples from symptomatic sporadic (N = 22) and genetic
(N = 4, all E200K) prion disease cases collected between
2001 and 2017 were shared by the Australian National
Creutzfeldt-Jakob Disease Registry (ANCJDR). All cases
were autopsy-confirmed as prion disease, except for N =
2 genetic cases, which due to the presence of the mutation are highly likely to have been prion disease. Samples
received in ~ 0.5 mL aliquots were thawed upon receipt,
aliquoted to 100 μL volume, refrozen at − 80 °C, and rethawed only immediately before analysis. Due to sample
volume limitations, not all positive controls were utilized
in all assays.

Following each LP, participants completed a brief survey
that we designed to assess the experience, either on
paper or via iPad. They were asked whether they had
previously had an LP, and if so, how many. Participants
were then asked to mark an X on a 14-cm Likert-type
scale to indicate (1) their level of anxiety before the LP
procedure and (2) their current feelings at the prospect
of a future LP. In both cases, the response was marked
on a continuous spectrum bounded by the two extremes
of “not anxious at all” and “extremely anxious.” Responses
were normalized to the full length of the scale.
Blood processing

Blood was collected in EDTA tubes, then centrifuged at
1000 rpm to separate plasma for aliquoting into 0.5 mL
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aliquots. DNA was extracted from whole blood collected
on the first study visit. All samples were codified for analysis. Genotypes were used for research purposes only.
PRNP single nucleotide variants were identified at the
Broad Institute Genomics Platform using a custom targeted capture platform developed by Twist Bioscience
combined with deep Illumina sequencing. These genotypes were then confirmed, and the presence or absence
of octapeptide repeat insertions determined, using a previously described sequencing and gel analysis protocol [41]
implemented by Genewiz and/or Quintarabio. Briefly, this
analysis uses primers Int5: 5′-TgCATgTTTTCACgATAgTAACgg-3′, DG2: 5′-gCAgTCATTATggCgAACCTTgg
CTg-3′, and 3′Sal: 5′-gTACTgAggATCCTCCTCATCCCACTATCAggAAgA-3′. A DG2/3′Sal PCR product
(wild-type, 804 bp) is subjected to Sanger sequencing
while a DG2/Int5 PCR product (wild-type, 464 bp) is run
on a 2% agarose gel to identify large indels.
PrP ELISA

PrP levels were quantified at the Broad Institute using the
BetaPrion Human ELISA assay [42], according to the
manufacturer’s instructions (AnalytikJena, Leipzig,
Germany). As described previously [25], to maintain PrP
in solution, CSF samples used for this analysis were handled with close attention to uniformity and were spiked
with 0.03% CHAPS detergent immediately after collection.
All samples were diluted 1:50 in blocking buffer (0.05%
Tween, 5% BSA, 1x PBS) and assayed in duplicate, with
samples from the same individual co-located on the same
plate to facilitate comparison. Following termination of
the colorimetric development reaction, absorbance per
well was measured at 450 nm as well as at 620 nm for
background subtraction using a FLUOStar Optima absorbance plate reader, then fit to an internal standard
curve to generate PrP concentrations in nanograms per
milliliter. The operator was blinded to mutation status.
Total tau (T-tau) ELISA (Broad Institute and University of
Gothenburg)

CSF T-tau was measured using the INNOTEST hTau
Ag ELISA kit (Fujirebio, Malvern, PA, USA, and Ghent,
Belgium) according to the manufacturer’s instructions.
Study samples were diluted 1:4; positive control symptomatic prion disease samples were diluted 1:10. All
samples were assayed in duplicate with samples from the
same individual co-located on the same plate to facilitate
comparison. Following termination of the colorimetric
development reaction, absorbance per well was measured at 450 nm as well as at 620 nm for background
subtraction using a FLUOStar Optima absorbance plate
reader, then fit to an internal standard curve. The
operator was blinded to mutation status.
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NfL ELISA (Broad Institute)

CSF NfL was measured using the NF-light RUO ELISA
(Uman Diagnostics, IBL International, Umea, Sweden) according to the manufacturer’s instructions. Study samples
were diluted 1:2; positive control symptomatic prion disease samples were diluted 1:5. All samples were assayed in
duplicate with samples from the same individual colocated on the same plate to facilitate comparison. Following termination of the colorimetric development reaction,
absorbance per well was measured at 450 nm as well as at
620 nm for background subtraction using a FLUOStar
Optima absorbance plate reader, then fit to an internal
standard curve. The operator was blinded to mutation
status.
NfL ELISA (University of Gothenburg)

Following CSF collection and processing as described
above, uniformly handled 0.5 mL CSF aliquots with no
additive were stored at − 80 °C until shipment on dry ice
to the University of Gothenburg for analysis. CSF neurofilament light (NfL) was measured using an in-house developed ELISA as previously described [43].
Simoa analysis of plasma

Following blood processing as described above, 0.5 mL
plasma aliquots were stored at − 80 °C until shipment on
dry ice to the University of Gothenburg for analysis.
Plasma NfL and total tau levels were measured using the
single molecule array (Simoa) HD-1 Analyzer (Quanterix, Billerica, MA, USA). For T-tau, the commercially
available Tau 2.0 kit was used according to the manufacturer’s instructions (Quanterix). For NfL, a previously
described in-house Simoa assay was used [44]. Calibrators were run in duplicate, and obvious outlier calibrator
replicates were masked before curve fitting. Samples
were run in singlicate with 4-fold dilution. Two quality
control samples were run in duplicate at the beginning
and end of each run.
Real-time quaking-induced conversion (RT-QuIC)

The assay was performed according to an established
protocol for the detection of prion seeds in CSF [24] that
is widely used for the diagnosis of symptomatic prion
disease patients. Briefly, truncated recombinant Syrian
hamster prion protein (SHaPrP 90-230) was purified
from E. coli according to established protocols [45], then
frozen at − 80 °C following the determination of concentration by NanoDrop. On the day of use, PrP was
thawed and centrifuged at 5000×g for 5 min at 4 C in a
PALL 100-kDa filter tube. Eighty microliters of reaction
mix and 20 μL of CSF were combined in each well of a
black 96-well plate with a clear bottom (Nunc) with final
concentrations as follows: 300 mM NaCl, 10 mM phosphate buffer, 1 mM EDTA, 10 uM thioflavin T, 0.002%
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SDS, and 1 mg/mL SHaPrP. All samples were loaded in
quadruplicate with each plate containing negative control CSF (healthy mutation-negative individuals) and
positive control CSF (symptomatic prion disease patients). After sealing (Nalgene Nunc International
sealer), plates were incubated in a BMG FLUOstar Optima plate reader at 55 °C for 40 h with continuous cycles of 60 s shaking (700 rpm, double-orbital) and 60 s
rest and ThT fluorescence measurements every 45 min
(excitation 450 nm, emission 480 nm, bottom read). Following termination of the experiment, fluorescence readings were merged per well to generate kinetic curves,
and the threshold for a positive well was set as the mean
value of all negative wells plus 10 standard deviations. A
sample was considered overall positive if at least two of
four replicates crossed this threshold. The operator was
blinded to mutation status. For the bank vole prion protein (BvPrP23-230) alternative protocol, RT-QuIC was
performed according to the protocol described by Orru
et al. [46], with the key modification that 20 μL CSF seed
was used per well, rather than 2 μL brain homogenate
seed. The final concentrations of reagents in the reaction
mix were not changed, and the total reaction volume
remained 100 μL per well.

Results
Mutation carriers and controls were demographically
well-matched (Table 1; Additional file 1: Table S1) and

performed within established normative ranges across a
battery of 20 cognitive, neuropsychological, psychiatric,
and motor tests and inventories with no significant differences between groups, supporting the carriers’ presymptomatic status (Table 1; Additional file 1: Table S1).
No participants developed clinical symptoms of prion
disease over the course of the study. The research lumbar puncture (LP) was well-tolerated, and the N = 24
participants for whom this was the first LP generally reported lower anxiety about undergoing future LPs than
they had felt about the first LP (Additional file 1: Figure
S2).
CSF PrP levels were stable over a 2–4-month interval
and similar between carriers (mean CV = 6.8%) and controls (mean CV = 7.5%) (Fig. 1a). CSF PrP concentration
differed significantly between genotypes (p = 0.016, oneway ANOVA), driven by lower PrP in D178N mutation
carriers (Fig. 1a and Additional file 1: Table S2; see the
“Discussion” section). While all reasonable efforts were
made to standardize CSF collection, in some cases, clinical variations were noted, including the use of drip collection rather than aspiration and lower sample yields.
On average, the six individuals whose CSF was handled
differently between the two visits showed greater, though
still reasonable, variation in CSF PrP levels (mean CV =
12.6%) compared to all other participants (mean CV =
5.8%). In ten individuals who completed a longitudinal
study visit after 10–20 months, CSF PrP levels were

Table 1 Demographic overview of study participants. The participant number, age, sex, PRNP genotype, total number of study visits
at time of analysis, and scores on two basic assessments of daily and cognitive functioning. Corrected p values account for all 20
assessments performed. The “other” category includes four distinct mutations, two of which are of low penetrance and two of
which are highly penetrant [7, 9]; to protect participant confidentiality, the exact mutations are not disclosed

N
Age at the first visit

PRNP mutation
carriers

Non-carrier controls

27

16

44.2 ± 15.2

44.5 ± 12.7

10

5

Sex

Male
Female

17

11

PRNP genotype

Wild type

0

16

E200K

12

0

D178N

7

0

P102L

4

0

Other

4

0

1 visit

7

4

2 visits

9

9

11

3

Number of completed study
visits

3 visits

Assessments

PRNP mutation
carriers

Non-carrier controls p
value

p value (Bonferroni
corrected)

MRC prion disease rating
scale

20.0 ± 0.0

20.0 ± 0.0

1

1

Montreal cognitive
assessment

27.7 ± 1.6

28.5 ± 1.7

0.20

1
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Fig. 1 Test-retest stability of CSF PrP. Uniformly processed CSF samples were collected from lumbar punctures performed by one of two
investigators (SEA, AJM). CSF PrP levels were quantified by ELISA. Dots represent means, and line segments 95% confidence intervals, of
measurements within dynamic range with 2 technical replicates each. a Twenty-nine individuals gave two CSF samples at an interval of 2–4
months. b Ten participants with the noted genotypes gave three CSF samples at the following intervals: initial visit, 2–4-month follow-up visit,
and 10–20-month follow-up visit. For each subject, PrP levels for all visits have been normalized to levels at the first visit, such that the first LP is
defined as 100%. Gray lines show PrP test-retest stability for CSF samples from previously reported retrospective cohorts without uniform sample
handling to minimize pre-analytical variability, reproduced from Vallabh et al. [25]

Fig. 2 NfL levels in carrier and control plasma. Plasma NfL levels were measured by Quanterix Simoa assay. a For N = 43 participants who have
made at least one study visit, samples were taken from the most recent visit at time of analysis. Dots represent singlicate measurements. Dashed
lines for “symptomatic reference ranges” represent mean values reported for symptomatic genetic prion disease patients [17, 20] or median
values reported for symptomatic sporadic prion disease patients [22, 23]. b For N = 14 participants who had completed three visits, plasma NfL
levels were measured by Quanterix Simoa for all three visits to assess longitudinal dynamics. As in Fig. 1b, CSF from the following three
timepoints is represented for each participant: initial visit, 2–4-month follow-up visit, and 10–20-month follow-up visit
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again steady (mean CV of 7.2%; Fig. 1b), with variability
far lower than that observed in test-retest CSF samples
from retrospective cohorts lacking uniform sample
handling [25] (Fig. 1b), consistent with pre-analytical
factors being a major source of variability in those cohorts. CSF PrP was modestly correlated with CSF total
protein (r = 0.35, p = 0.0052, two-sided Spearman’s correlation), replicating previous reports [25, 47].
In plasma, T-tau showed high variability (mean CV =
38%) over 2–4 months, limiting interpretability (Additional file 1: Figure S3A), but NfL was more reliable
(mean CV = 18%; Additional file 1: Figure S3B). Groupwise, plasma NfL levels were not significantly different
between controls and carriers (p = 0.46, two-sided
Kolmogorov-Smirnov test; Fig. 2a), and all individuals
were within normal ranges, well below the typical values
reported in symptomatic genetic prion disease patients
[17, 20]. We observed no temporal trend in plasma NfL
among participants who made three visits over 10–20
months (p = 0.91, linear regression, Fig. 2b).
In CSF, T-tau and NfL were highly elevated in symptomatic prion disease-positive controls (p = 2.6 × 10−10
for T-tau; p = 1.6 × 10−11 for NfL, 2-sided KolmogorovSmirnov test; Fig. 3a, b). In contrast, levels of these
markers in mutation carrier and non-carrier control CSF
were similar. CSF T-tau appeared nominally higher in
non-carrier controls (mean 251.8 ± 84.5 pg/mL) than in
mutation carriers (224.5 ± 112.3 pg/mL) (uncorrected
p = 0.015, 2-sided Kolmogorov-Smirnov test), while CSF
NfL was indistinguishable between the two groups (p =
0.61, 2-sided Kolmogorov-Smirnov test). CSF T-tau and
NfL were independently measured by ELISA at a second
site, and values showed good correlation with those
values initially obtained (T-tau, r = 0.80, p = 3.5 × 10−9;
NfL, r = 0.89. p = 3.0 × 10−14), with no difference between carriers and controls (Additional file 1: Figure S4).
In N = 10 longitudinal participants, across all visits
(10–20 months), levels of both proteins remained low
with no significant change over time within individuals
(p = 0.51 for T-tau, p = 0.91 for NfL, linear regression;
Fig. 3c, d). The mean CV over all visits was 7.8% for CSF
T-tau and 9.9% for CSF NfL.
CSF prion “seeding activity” was evaluated by RTQuIC using two sets of previously reported conditions
with pre-specified criteria [24, 46] (Fig. 3e–g and Additional file 1: Figure S5). We explored testing samples
using bank vole PrP, a reportedly universal substrate for
prion detection in brain tissue [46], by minimally adapting established bank vole RT-QuIC assay conditions to
accommodate a larger-volume CSF input (see the
“Methods” section). Under these conditions, bank vole
substrate showed only 53% sensitivity (10/19 positive
controls) in CSF (Additional file 1: Figure S5). However,
standard diagnostic conditions [24] using Syrian hamster
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PrP yielded 88% sensitivity in positive controls, comparable to reported results [24] (Fig. 3e). Non-carrier control samples were negative (Fig. 3f), as were 22/23
carrier samples (Fig. 3g).
One participant, a carrier of the E200K mutation of
age ≥ 60, showed RT-QuIC seeding activity upon analysis
of CSF from his/her second visit (Fig. 3g), prompting
comparison of all assays between both study visits
(Table 2). Four of 4 RT-QuIC replicates were positive at
both visits. CSF NfL remained in the normal range,
comparing both to within-study normal controls and
published reference ranges [17, 20]. CSF T-tau and
plasma NfL were modestly higher, for both visits, than
controls and other mutation carriers in our study, consistent with age (see the “Discussion” section). This participant’s score on the MRC prion disease rating scale
remained stable. While their score on the Montreal Cognitive Assessment (MoCA) declined nominally between
visits 1 and 2, from 27 to 25 out of a possible 30, fluctuation of one to three points was common between first
and second visits in our participants, with differences of
up to six points noted; furthermore, ten other participants scored 25 or less on the MoCA at least once over
their first two visits. A full battery of 20 tests spanning
cognitive, psychiatric, motor, and daily living assessments revealed no striking or consistent changes
(Additional file 1: Table S3). This individual remained
asymptomatic >1 year after his/her second visit. CSF PrP
levels for this individual were in the middle of the
observed range and were stable between visits 1 and 2.

Discussion
Here, we describe interim results from an ongoing longitudinal cohort study characterizing genetic prion disease
mutation carriers and mutation-negative controls. We
evaluate candidate fluid biomarkers for primary and secondary prevention trial designs in pre-symptomatic genetic prion disease.
PrP-lowering therapeutics are now in preclinical development, so CSF PrP will be important as a pharmacodynamic biomarker at a minimum, and regulators have
expressed openness to its use as a surrogate endpoint in
pre-symptomatic individuals [10]. Productive use of this
marker in trials, however, will require dependable performance, including a stable baseline, which might not
exist if CSF PrP exhibits high biotemporal variability or
if pre-symptomatic individuals exhibit a decline in CSF
PrP, similar to the lowered CSF PrP levels seen in symptomatic prion disease patients [25, 47, 48]. Our findings
address both of these concerns.
Most historical cohorts in which CSF PrP has been
evaluated exhibit large variability in CSF PrP levels [21,
25, 48], but we observed tight 8–11-week test-retest reliability (mean CV = 13%) among uniformly handled
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Fig. 3 Candidate markers of neuropathology in carrier and control CSF. CSF a T-tau and b NfL levels were measured by ELISA for N = 39
participants who have made at least one study visit, for whom genotypes were available at time of analysis, and where appropriate CSF aliquots
were available. For each participant included, samples were taken from the most recent visit at time of analysis. Symptomatic prion disease CSF
samples (red, N = 24 for T-tau, N = 19 for NfL) were included from both sporadic and E200K genetic prion disease. The operator was masked to
mutation status. Dots represent means, and line segments 95% confidence intervals, of measurements within dynamic range with 2 technical
replicates each. c, d For N = 10 participants who had completed a longitudinal visit ≥ 10 months after their first visit, both T-tau and NfL were
measured by ELISA across all visits to assess longitudinal dynamics. As in Fig. 1b, CSF from the following three timepoints is represented for each
participant: initial visit, 2–4-month follow-up visit (the 2–4-month follow-up visit was missing for N = 1 participant in c and d), and 10–20-month
follow-up visit. e–g RT-QuIC was performed on CSF from 39 participants who made at least one study visit. For each participant, samples were
taken from the most recent visit at time of analysis. RT-QuIC was performed following an established protocol for second-generation CSF RT-QuIC
using SHaPrP substrate [24]. Reactions were seeded with 20 μL CSF from N = 26 symptomatic prion disease cases (e) and N = 39 MGH study
participants, including 16 mutation-negative (f) and 23 asymptomatic mutation-positive (g) with each reaction run in quadruplicate. Kinetic
curves—normalized thioflavin T (ThT) fluorescence (y axis) vs. time in hours (x axis)—are shown for each sample, averaged across four replicates

samples, suggesting that PrP can be reliably measured if
pre-analytical variables are minimized. Here, we validate
this hypothesis prospectively, observing a mean CV of
only 7% over 10–20 months among samples handled
with exquisite uniformity and early addition of detergent
to minimize adsorption to plasticware. This biotemporal
stability is comparable to that of core CSF biomarkers
including amyloid beta (Aβ) 1–38, Aβ 1–40, T-tau, and
NfL over a similar term [49]. In addition, whereas our
previous report was based on patients suffering from

non-prion mild cognitive impairment [25], in whom progressive reduction of CSF PrP due to disease would not
be expected, here, we confirm that CSF PrP concentration is stable even among individuals at high risk of
developing prion disease in their lifetimes.
PrP levels in the CSF of symptomatic D178N individuals have been reported to be lower than those of individuals with other PRNP mutations or no mutation [48],
a finding replicated here among pre-symptomatic carriers. This difference has been interpreted by some to
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Table 2 Comparison of visits for one RT-QuIC-positive study
participant. RT-QuIC replicates were designated as positive
based on the criteria described above, in the “Methods” section,
and elsewhere [24]. CSF T-tau, NfL, and PrP were measured by
ELISA as described in Figs. 1 and 2. Plasma NfL was measured
by Simoa as described in Fig. 3
Fluid biomarkers

Assessments

Visit 1

Visit 2

CSF PrP (ng/mL)

287

296

CSF T-tau (ng/mL)

0.57

0.60

CSF NfL (ng/mL)

1.27

1.48

Plasma NfL (pg/mL)

23.5

28.8

RT-QuIC (positive replicates)

4/4

4/4

MRC prion disease rating scale

20

20

Montreal Cognitive Assessment

27

25

indicate a prodromal disease process underway [48];
however, several reports show preferential degradation
of D178N mutant PrP, independent of the disease
process [50–53]. Here, lower CSF PrP levels in D178N
carriers appear to be stable over short (Fig. 1a) and longer terms (Fig. 1b), suggesting that this reduced level is
constitutive rather than a prodromal change. Stability of
CSF PrP levels even in one E200K mutation carrier with
RT-QuIC seeding activity (Table 2) suggests that the decline in CSF PrP levels seen in symptomatic disease
likely emerges later in the disease process and should
not confound CSF PrP stability in asymptomatic carriers
without observable pathology.
Broadly, these findings suggest that CSF PrP levels are
stable enough in any one individual, regardless of PRNP
mutation, to informatively report on a PrP-lowering
therapeutic such as a PrP-lowering antisense oligonucleotide (ASO) in the central nervous system, over
time frames likely to be of relevance to dose-finding and
biomarker-based trials. In a phase I/II trial of the
huntingtin-lowering ASO tominersen, mutant huntingtin protein was reduced by a mean of 40% in CSF in the
two highest dose cohorts [54]; our data suggest that a
similar reduction in PrP levels would be reliably detectable in CSF. The LP tolerability data we were able to collect suggests that intrathecal delivery of a drug will not
be a barrier to treatment among pre-symptomatic carriers of PRNP mutations. While our study is biased toward highly motivated carriers willing to participate in
research, this same bias will likely apply to trial recruitment, supporting the relevance of these data.
Across the candidate disease markers measured, most
carriers could not be distinguished from non-carrier
controls. Put differently, the present data do not support
analogies between the disease state of most adult carriers
and the clinically silent incubation phase in prioninfected animals [55–59]. Previous cohort studies and

case reports have largely found imaging and physiological changes to coincide with onset [14–16, 60–63];
reports of suggestive MRI and biochemical changes in
single individuals have been confined to the 1 to 2 years
before symptom onset [14, 17–19]. Our findings are in
keeping with this trend of limited changes before symptom onset: prion seeding activity was detected in just 1/
23 pre-symptomatic carriers, with neuronal damage
markers just slightly higher than other participants, but
still within the range of aged healthy controls [64–66]
and well below typical values for symptomatic prion disease [17, 20, 22, 23, 67]. Given that this individual
remained asymptomatic at the last follow-up, the prognostic value of a positive RT-QuIC result in an asymptomatic individual remains unclear.
To our knowledge, ours is the first report of RT-QuIC
seeding activity in the absence of prion disease symptom
onset. These data may suggest that for individuals harboring the E200K mutation, RT-QuIC seeding activity
may offer an early sign of pathological change, before
behavioral or cognitive scales can detect changes in performance. But this finding should be interpreted with
caution. One previous report found that an E200K
individual converted from RT-QuIC negative to positive
between 2 and 4 months after symptom onset [68]. A report of a sporadic CJD patient who happened to undergo
CSF RT-QuIC before and after onset found the test to
be positive only after onset [19]. These differences could
reflect differences in RT-QuIC protocols employed, or
variability in conversion time relative to symptom identification between individuals. Overall, in our hands, 9/10
E200K carriers and 13/13 carriers of other mutations
were negative by RT-QuIC, suggesting that detectable
seeding activity is unlikely to be consistently present for
a long period prior to onset.
Our study has several limitations. As discussed above,
orthogonal lines of evidence lend support to the biological validity of our observation that D178N mutation
carriers have lower groupwise CSF PrP levels compared
to other participants in our study. However, based on
our data alone, we cannot exclude the possibility that
the ELISA we used to measure CSF PrP may be differentially reactive to some mutant forms of the protein. Our
study relied on positive control samples from symptomatic CJD patients collected at various clinical centers. As
we have previously shown that heterogenous CSF sample handling precludes reliable quantification of CSF PrP
[25], we were therefore unable to include symptomatic
samples in our CSF PrP analysis. In our assessment of
disease biomarkers, we focused on a small set of markers
with the best-established association with the prion disease process. Future analyses could explore other emerging biomarkers of neurodegeneration, such as synaptic
proteins [69, 70].
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Our study is relatively young, and our analyses to date
provide only short- to medium-term and cross-sectional
findings. Moving forward, participants will be seen at annual intervals where feasible, with an eye to enhancing
the longitudinal analysis of CSF PrP and enabling longitudinal tracking of pathological biomarkers. Complementary perspectives on the above may be provided by
two other efforts, as yet unpublished, to systematically
characterize healthy individuals carrying genetic prion
disease predisposing mutations: the UK National Prion
Monitoring Cohort and UCSF Early Diagnosis of Human
Prion Disease studies [38, 71]. Age of onset is highly
variable in genetic prion disease, we have no means to
predict time to onset for any individual carrier in our cohort, and annual hazard for any given individual is low
[9]; prior experience suggests that observing even a
handful of conversions in a prospective carrier cohort
could take between 10 and 20 years. For this reason, in
the near term, a study of this nature is better positioned
to report on the state of the average carrier at a given
time than on the dynamics of conversion to the disease
state.
A strength of our study is that the highly penetrant
prion disease-causing mutations most common in the
general population [7] are also those most represented
in our cohort. Our characterization may therefore provide a reasonable cross-sectional snapshot of carriers
available for recruitment for research or trials.

Conclusion
The above characterization of a cohort of presymptomatic genetic prion disease mutation carriers and
controls suggests that CSF PrP levels are stable in the
carrier population and may therefore serve as a meaningful biomarker for PrP-lowering therapeutics. In the
meantime, at present, our findings regarding disease
stage biomarkers suggest that a “secondary prevention”
strategy may not be feasible in genetic prion disease: any
prodromal period may be too subtle, too brief, or
present in too few individuals at any given time to enable recruitment of a large enough prodromal cohort to
enable trials. It remains possible that a fluid biomarker
that reliably presages symptom onset further in advance
could emerge from further study, particularly in more
slowly progressive genetic prion disease variants, allowing subclinical pathology to be tracked in a small cohort
of carriers and leveraged toward a secondary prevention
trial design. However, our present findings may reflect
where the field is likely to stand as therapeutics presently
in development approach clinical trials. In this context,
pre-symptomatic trials in genetic prion disease may be
better served by a primary prevention model based on
genetic risk.
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Abstract
Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by several pathological
changes including amyloid plaques, neurofibrillary tangles, synaptic loss, and neuroinflammation. There
are currently no disease modifying therapeutics that have translated from preclinical animal models to
human clinical trials. One solution to bridge this translational gap is to use non-human primate (NHP)
models, which are phylogenetically similar to humans. However, a key issue with developing new
preclinical models is the need to validate their disease progression and therapeutic outcomes.
Using similar methods to diagnosing human neurodegenerative disease patients, current NHP
models of neurodegeneration have used identification of biomarkers in cerebrospinal fluid (CSF) and
blood (e.g., amyloid-beta (Aβ), tau proteins, neurofilament light (NFL)). Despite these emerging NHP
models, little is known about the properties of CSF neurodegenerative disease biomarkers in healthy,
experimentally naïve NHPs, or what factors might influence their concentrations. Thus, it is difficult to
interpret pathological CSF changes in animal models if baseline measures have not yet been adequately
established.
Here, we collected lumbar CSF from a colony of healthy, experimentally naïve male and female
cynomolgus and rhesus macaques (n=82). In a subset of these animals (n=16), cisterna CSF was also
obtained. We analyzed Aβ40, Aβ42, tTau, pTau and NFL to assess if there were species, sex, age, and
location effects. Aβ40 and Aβ42 were significantly higher in rhesus macaques, and female rhesus were
higher than male rhesus. NFL and tTau were higher in males, and NFL was higher in rhesus macaques.
pTau was not affected by species or sex. Sample acquisition site only affected NFL, which was higher in
CSF from lumbar puncture compared with cisterna magna puncture. These values can be used as a
reference guide for researchers developing NHP models of neurological diseases. Additionally, we
analyzed the effect of performing repeated lumbar punctures on these biomarkers. Performing lumbar
punctures in NHPs elevated NFL for up to 100 days but not other neurodegeneration biomarkers. Should
these results translate to human clinical work, this has important implications for researchers when
ii

designing CSF sampling time points so that disease progression and treatment outcomes are not
confounded.
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Chapter 1
General Introduction
1.1 Rationale
With an aging population and longer life expectancies, neurodegenerative diseases are
increasing dramatically in prevalence. For example, Alzheimer’s disease (AD), the most
prevalent form of dementia, is estimated to affect 88 million individuals worldwide by 20501.
Despite extensive research using basic science, preclinical animal models, and human clinical
trials, there are currently no effective disease modifying therapeutics for AD.
In order to create and test treatments, validated preclinical animal models are required.
Rodent models of neurological disorders have allowed researchers to investigate neuropathology
and evaluate the efficacy of novel therapeutics. However, current rodent models are unable to
recapitulate the full spectrum of human pathology and often use transgenic models rather than
sporadic models of disease. Therapies created and tested in rodents have failed to translate
successfully to human clinical trials.
Non-human primate (NHP) models of neurodegenerative diseases can be used to bridge
this translational gap between rodent research and human clinical interventions. In order to
develop NHP models of disease, several measurement platforms should be utilized to assess their
validity including changes in cerebrospinal fluid (CSF) biomarkers, behavioural deficits,
structural and functional magnetic resonance imaging deficits, positron emission tomography, and
tissue/brain pathology. There is also a need to use these platforms to assess molecular,
behavioural, imaging, and histological tissue from healthy, experimentally naïve NHPs to
determine baseline measures before interpreting them in a diseased state.
The aim of this thesis is to characterize CSF biomarkers related to neurodegeneration in
healthy, experimentally naïve NHPs. Specifically, we establish what factors impact the
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neurodegenerative disease biomarkers amyloid-beta 1-40 (Aβ40), amyloid-beta 1-42 (Aβ42),
total tau (tTau), phosphorylated tau (pTau), and neurofilament light (NFL), such as species, sex,
age, and location of sample. These biomarker values are necessary to establish baseline measures
when developing NHP models of neurodegeneration.

1.2 Cerebrospinal Fluid
CSF is produced and secreted in the ventricles of the brain by ependymal cells in the
choroid plexus. CSF circulates throughout the central nervous system from the lateral ventricles,
to the third and fourth ventricles, to the subarachnoid space of the brain and spinal canal. Most of
the CSF is then reabsorbed through arachnoid granulations in the superior sagittal sinus. The
choroid plexuses are highly vascularized and the main constituents that comprise the blood-CSF
barrier. Tight junctions between adjacent epithelial cells provide a protective barrier, as well as a
biochemical barrier that prevents toxic molecules and drugs from entering the CSF2.
The CSF’s main functions include structural and protective support to the brain, removal
of metabolic waste, and transportation of neurotransmitters, ions, proteins etc. In order to monitor
the CSF, lumbar punctures can be performed to acquire small samples. In this procedure, patients
are placed in lateral recumbency or fetal position, and a spinal needle is inserted between L3/4 or
L4/5 into the subarachnoid space. Initial CSF pressure can be monitored for pathological
conditions. For example, high CSF pressure can indicate hydrocephalus or intracranial
hypertension, and low CSF pressure can indicate a CSF leak.
Because the CSF surrounds the central nervous system, its composition offers a direct
means to study biochemical changes within the brain. It can be used as a resource for research
involving specific fluid biomarkers. CSF biomarkers can be used to diagnose diseases, track
disease progression, and monitor treatment efficacy. In combination with other diagnostic tests
such as magnetic resonance imaging, positron emission tomography, and behavioural tasks, CSF
biomarkers offer clinical utility.
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In AD, subtle changes in cognition may be present before meeting the criteria for mild
cognitive impairment3. By this time, neuroinflammation, cell damage, and synaptic loss are
occurring. Thus, it is critical to better define preclinical stages of neurodegenerative disorders in
order to intervene and implement early interventions3. CSF biomarkers may be an important
resource for monitoring preclinical stages in several neurodegenerative disorders, as aberrant
levels of the biomarker of interest may reflect early pathological processes before behavioural
symptoms are present. Some of the common CSF biomarkers used in neurodegenerative disorders
include Aβ40, Aβ42, tTau, pTau, and NFL

1.3 Amyloid-beta biomarkers
AD is a neurodegenerative disorder characterized by progressive cognitive decline
including loss of executive function and memory impairment. Some of the core AD
neuropathological hallmarks consist of accumulation of Aβ fibrils deposited into insoluble
amyloid plaques and aggregations of paired helical filaments of hyperphosphorylated tau into
neurofibrillary tangles (NFTs)4–6. Dysfunctions in synaptic transmissions can occur as a result of
synaptic loss as well as neuroinflammation from activation of astrocytes and microglial cells.
While the etiology of AD still remains unknown, the amyloid cascade hypothesis is one
of the most common theories regarding the pathogenesis of AD7. It suggests that when Aβ is
generated from the cleavage of the transmembrane amyloid precursor protein (APP) by the βsecretase and γ-secretase enzyme complex, abnormal processing occurs and toxic forms of Aβ
accumulate8,9. The γ-cleavage can yield several peptides including Aβ40, the majority, and Aβ42
peptides, the latter of which is more prone to forming neurotoxic oligomers. Aβ42 peptides then
aggregate into dimers/trimers until this leads to the formation of the larger insoluble fibrils in
amyloid plaques and soluble Aβ oligomers (AβOs)10. This accumulation of amyloid plaques is
thought to lead to the downstream pathological processes.
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Sporadic AD accounts for the vast majority of AD cases (~95%), where the primary risk
factor is age in combination with environmental factors11. The inheritance of the ε4 allele
of APOE is the most established genetic risk factor for late-onset AD8,11. In the remaining genetic
cases of AD, mutations in the APP gene and presenilin 1 (PSEN1) and presenilin 2 (PSEN2),
proteins that regulate part of the γ-secretase complex, often lead to early-onset AD11.
The National Institute on Aging and Alzheimer’s Association created a research
framework to use a biomarker-based approach to define AD12. This scheme recognizes general
groups of biomarkers including: biomarkers for Aβ plaques, fibrillar tau, and
neurodegeneration/neuronal death. Based on this, current CSF biomarkers used in conjunction
with neuroimaging and behavioural tests include Aβ40, Aβ42, tTau, and pTau.
In mild cognitive impairment patients, CSF Aβ42 concentrations are decreased 5-10
years before progressing to AD dementia, indicating that Aβ42 concentrations decrease early on
in the pathogenesis of AD13. Decreased concentrations of Aβ42 are associated with increased
amyloid plaque load, suggesting that the reduced CSF concentrations of Aβ42 are due to the
aggregations of it into plaques and less is available within the CSF circulation14–16. Additionally,
lower concentrations of Aβ42 are associated with an increased risk of mortality in AD patients17.
The ratio of Aβ42/Aβ40 concentration has also been used for identifying AD patients; under nonpathological conditions Aβ42 and Aβ40 are highly correlated with each other18. Decreased
plasma concentrations of Aβ42 and Aβ40 have also been found in AD patients when compared to
cognitively healthy controls and mild cognitive impairment patients19. Therefore, both Aβ40 and
Aβ42 are important biomarkers in AD.
Aβ biomarkers have also been used in several other disorders such as frontotemporal
dementia, primary progressive aphasias, and dementia with Lewy bodies. For example, CSF
Aβ40 and Aβ38 (another C-terminal peptide) concentrations are reduced in frontotemporal
dementia when compared to AD patients, primary progressive aphasia, and controls20,21. Using
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Aβ biomarkers can distinguish between AD and frontotemporal dementia22. In addition, Aβ38,
Aβ40, and Aβ42 concentrations in the CSF have been found to be significantly decreased in
dementia with Lewy bodies when compared to controls23,24. Therefore, Aβ biomarkers may be
useful for discriminating between different forms of dementia.

1.4 Tau biomarkers
Tau is a microtubule-associated protein abundant in axons contributing to the
stabilization of the axon. It is composed of 6 different isoforms containing either 3 conserved
amino acid repeats (3R) or 4 repeats (4R) within the microtubule binding domain25–27. Regulation
of tau is through posttranslational modifications such as phosphorylation, acetylation, and
ubiquitination at several sites28. Phosphorylated tau reduces affinity to microtubules, which can
affect the assembly and stability of the cytoskeleton. Hyperphosphorylation of tau leads to
aggregation into NFTs.
Tauopathies are a group of neurodegenerative disorders characterized by increased tau
levels, posttranslational modifications, and abnormal inclusions in the brain. AD is the most
prevalent tauopathy and involves both 3R and 4R tau29–31. It is characterized by NFTs composed
of hyperphosphorylated tau. NFT pathology in most AD cases progresses through the Braak
stages: forming in the transentorhinal cortices, followed by hippocampus and limbic areas,
multimodal association cortices, and finally the primary cortices32.
As tau is directly involved in the pathology of AD, it also represents a potential
biomarker of interest in addition to Aβ biomarkers and is considered one of the core biomarkers
of AD. In the CSF, tTau is thought to be a marker of general neuronal death and injury while
pTau represents NFT pathology12,33,34. The most abundantly researched pTau epitope in AD
includes pTau threonine18112,35, but others such as pTau threonine231, pTau threonine217 and
pTau serine199 have also been used36,37.
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CSF tTau and pTau can differentiate AD from controls, with AD patients consistently
reporting elevated levels of tau biomarkers35. tTau and pTau can also discriminate between mild
cognitive impairment and controls, while elevated concentrations are associated with reduced
grey matter densities13,35,38,39. Recently, plasma tau has also been investigated in AD patients.
Elevated plasma tau is associated with decreased cognition and brain atrophy40,41. Plasma pTau
concentrations are also correlated with tau deposition42. Therefore, both tTau and pTau are useful
CSF and blood biomarkers for AD.
Another disorder involving tau is chronic traumatic encephalopathy (CTE) which occurs
after chronic repetitive head injuries. It is often found in people participating in high contact
sports such as football and boxing. The initial distribution of NFTs involve 3R and 4R isoforms
and occur in superficial cortical layers and perivascular, with medial temporal lobe distribution
found in advanced stages43,44. As the clinical presentation of CTE varies, diagnosis can be made
via post-mortem neuropathology. Thus, validated biomarkers are needed.
Both CSF and blood biomarkers of tau are studied in patients with a history of repetitive
head impacts and suspected CTE. For example, significantly higher concentrations of CSF tTau
were found in Olympic boxers when compared to controls45. Additionally, in patients with severe
traumatic brain injuries, CSF tau is also elevated compared to control groups46. Higher tTau
concentrations in CSF samples of professional football players have also been associated with
cumulative head impact index scores47. Similarly, plasma tTau samples in football players were
also elevated when compared to controls, and increased exposure of head impacts correlated with
tTau concentrations48. In professional hockey players suffering from concussion, plasma
concentrations of tTau is increased, with higher concentrations associated with severity of post
concussion symptoms and duration of symptoms49. Thus, tau measures in the CSF and blood can
be monitored for potential axonal damage and long-term outcomes in patients with repetitive
head impacts.
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Other primary tauopathies include corticobasal degeneration (CBD) and progressive
supranuclear palsy (PSP), an atypical parkinsonian disorder. Both diseases involve the 4R tau
isoform. Diagnosis of CBD and PSP are difficult due to overlapping clinical features with each
other and Parkinson’s disease (i.e. dystonia, gait issues, eye movement abnormalities, cognitive
impairment, etc.) and lack of specific biomarkers50–52. However, post-mortem analysis of specific
neuropathological criteria can distinguish between CBD and PSP. For example, the
neuropathological hallmark of CBD includes astrocytic plaques containing 4R tau while PSP
includes tufted astrocytes found in the motor cortex and striatum53,54. Both CBD and PSP
pathology include neuronal loss, gliosis, and formation of NFTs54–57.
Due to the role of tau in the pathology of CBD and PSP, it has been proposed as a
biomarker in these disorders. Several studies report elevated concentrations of tTau in the CSF of
CBD patients when compared to controls or PSP patients58–61. On the other hand, no difference in
tTau and pTau between CBD patients and controls has also been found62,63. In PSP patients, no
difference compared to controls, CBD or Parkinson’s disease have been found59,63–65. Lower
concentrations of CSF tTau and pTau in PSP compared to controls have also been found66,67.
These disparities could be due to heterogeneity in the cohorts, and lack of pathology confirmed
cases68. Despite this, the role of tau as a CSF biomarker in CBD and PSP warrants further
investigation.

1.5 Neurofilament light as a biomarker
Neurofilaments are one of the main components of the cytoskeleton and are abundant in
myelinated axons. Within the central nervous system they are composed of 4 subunits including
neurofilament heavy, neurofilament medium, NFL, and α-internexin69. Neurofilaments help with
the structure of the axon, contribute to axon diameter, and conduction velocity along the axon70–
73

. In particular, NFL is the most abundant subunit and present within large caliber white matter

axons and the spinal cord. The turnover of neurofilaments is not well known, but they have been
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shown to remain stable in axons, with an estimated half life of approximately 20 days and a
second slower phase of 55 days72,74,75. Thus, prolonged elevated levels of NFL are thought to
represent damaged or degenerating neurons. Currently, NFL has been proposed as a biomarker
and is being investigated in multiple neurological disorders.
In addition to the standard Aβ and tau biomarkers, NFL in the CSF and blood has also
been proposed as a biomarker of interest in AD patients. Significantly higher concentrations of
NFL in the CSF are found in AD, stable mild cognitive impairment, and progressive mild
cognitive impairment patients compared to control participants76. NFL also correlates with
cognitive decline in the Mini-Mental State Examination, as well as with brain atrophy64,76,77.
Similarly, plasma NFL concentrations are increased in AD and mild cognitive impairment
patients and correlate with poor cognitive performance78,79. Following post-mortem analysis of
the brain, plasma NFL concentrations have also been associated with higher NFT pathology in
AD patients80. Serum NFL concentrations have also been found to predict cortical thinning and
discriminate between mutation and non-mutation carriers of APP, PSEN1, or PSEN281. Thus,
both CSF and blood NFL concentrations reflect white matter changes in AD patients.
NFL is also currently one of the most studied biomarkers in multiple sclerosis (MS). MS
is a chronic autoimmune, inflammatory disorder of the central nervous system where myelinated
axons are damaged. Both CSF and blood samples are currently used to assess tissue damage,
disease activity, and treatment responses. NFL concentrations in the CSF are associated with
clinical relapse and MRI lesions82,83. In the blood, NFL has predicted disease progression84,85.
Patients with both relapsing-remitting MS and progressive MS have significantly higher
concentrations of NFL in the serum86, and patients receiving clinical trials of fingolimod have
significantly reduced NFL concentrations85. Therefore, NFL may also be used to predict disease
progression in MS patients.
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Amyotrophic lateral sclerosis (ALS) involves the loss of upper and lower motor neurons
in the motor cortex, brain stem, and spinal cord. As NFL can be used to measure axonal
breakdown and neuronal death, NFL may also be a potential biomarker for ALS. Significantly
higher values of NFL in CSF are found in ALS patients when compared to healthy controls with
high sensitivity and specificity87,88. Serum NFL concentrations are also increased in the early and
late symptomatic phases of ALS89,90. However, baseline concentrations of serum NFL in patients
with probable ALS are not significantly different, suggesting the clinical use of NFL can be used
once symptom onset is present89.
Parkinson’s disease, another progressive neurodegenerative disease, is characterized by
loss of dopaminergic neurons in the substantia nigra. Aggregations of α-synuclein proteins into
Lewy body inclusions are considered the main pathological hallmark in Parkinson’s disease.
Normal CSF values of NFL have been found in Parkinson’s disease, but higher values are found
in atypical parkinsonian disorders such as PSP and multiple system atrophy91. Furthermore, these
results were replicated in blood samples (plasma and serum), where NFL was able to distinguish
Parkinson’s disease from atypical parkinsonian disorders92. Elevated NFL in the CSF and serum
of Parkinson’s disease patients have also been found and associated with lower Mini-Mental State
Examination (MMSE) scores93. This suggests that NFL could be used to discriminate between
parkinsonian disorders.
Huntington’s disease, caused by a genetic mutation of CAG repeat expansions in the HTT
gene, lacks validated CSF biomarkers for clinical trials94. Few biomarkers have been identified
that could directly assess pathology including disease progression, neuronal damage, and
therapeutic outcomes95. In a few studies, NFL in the CSF has been investigated as a promising
biomarker of disease severity, and correlated with clinical assessment scores9697,98. Within plasma
samples, baseline NFL samples have correlated with cognition decline and clinical onset in HTT
mutation carriers as well as a marker of brain atrophy95,99.
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NFL is also used as a potential biomarker in stroke patients. Stroke can occur via blood
supply blockage from a thrombi or emboli (ischemic), or via blood vessel breakage
(hemorrhagic). Through this loss of blood supply to the brain, neuronal damage occurs. In
patients with acute ischemic stroke, CSF NFL concentrations are significantly higher than
controls, and NFL correlates with the degree of severity of white matter lesions100. Further, both
CSF and serum NFL concentrations are observed to peak 3 weeks post stroke followed by a
decrease to baseline 3-5 months later, suggesting a temporal pattern of injury and a long half-life
of NFL101. In subarachnoid hemorrhage patients, higher plasma NFL concentrations are
associated with an increased mortality rate and poor functional outcomes102. Thus, the use of NFL
in stroke may be an important predictive marker for long term outcomes.
In addition to its use as a biomarker in neurodegenerative disorders, NFL has also been
studied in traumatic brain injuries/concussions/CTE. Brain injury from head trauma can include
diffuse axonal injury, whereby axons are sheared from the acceleration or deceleration forces 103.
Microtubule breakage is seen, resulting in axonal swelling103. Due to the large involvement of
NFL within the axon, this makes NFL a prime candidate as a biomarker for traumatic brain
injuries. For example, increased serum and CSF NFL concentrations are seen in contact sport
players such as boxing and hockey following repetitive blows to the head104,105106. In addition, this
elevation has also been present with no cognitive impairment107. Shahim et al. suggest that serum
NFL may separate patients with prolonged postconcussion symptoms from those that rapidly
resolve104.
While NFL has been used in a variety of neurological disorders, the diagnostic and
prognostic value of its use is still being investigated. Elevated concentrations compared to healthy
controls are observed, but specific differences between neurodegenerative disorders are still being
investigated.
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1.6 Non-human Primate Models
While rodent models of neurodegenerative disorders have allowed researchers to
investigate the detailed mechanisms of pathogenesis and evaluate novel therapeutics, none fully
capture the spectrum of human neuropathology that is present within neurodegenerative diseases
108

. Therapies developed and tested on rodent models have not translated to human patients,

suggesting a lack of translation between species. NHP models are important for bridging the
translational gap from rodents to humans as they are phylogenetically similar to humans.
Old-world NHPs such as cynomolgus and rhesus macaques (Macaca fascicularis and
Macaca mulatta) are commonly used in research. Their similarities in molecular pathways,
physiology, behaviour, brain organization and architecture, and anatomy afford the opportunity to
create more robust models of neurodegeneration109,110. NHPs have gyrencephalic brains as
opposed to the lissencephalic rodent brain, along with a large prefrontal cortex which is important
for working memory, executive function, and decision making. These are important
characteristics when considering a preclinical animal model that translates to human neurological
disorders. Macaques and humans also share 100% homology for the Aβ sequence while rhesus
have 98% homology with the longest form of human tau111,112. Activity of β-secretase has also
been shown to increase with age in both rhesus macaques and humans113. Thus, NHPs are
important translational models.
Age-related pathological changes can be studied in NHPs. For example, current NHP
models of AD and aging include natural aging and induced models. While the former is
considered a robust model and more similar to human AD, the life span of NHPs poses a
challenge and makes it economically not feasible. Not only is it time consuming to create and
expensive to maintain NHPs for decades, not all NHPs will develop the hallmarks of
pathogenesis of AD or other neurodegenerative disorders. Small sample sizes are often a result of
this, and individual variations between NHPs also lead to complications.
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Using aged African green monkeys, amyloid plaque deposition and phosphorylated tau
accumulation in the brain parenchyma has been found in combination with changes in CSF
biomarkers Aβ, Tau, and pTau114,115. In addition, age related cortical thickness patterns in rhesus
macaques have been observed to be negatively correlated with age116, with increased amyloid
plaque deposition117–119. Behavioural deficits have been found in aged cynomolgus macaques,
where older monkeys performed worse on delayed response tasks including short term and long
term memory tests, and memory load tests120,121. When available to study, aged NHPs allow for a
better understanding of age-related changes in the brain, but their time-consuming nature is
prohibitive to recreating these models for large-scale preclinical trials.
Induced models of AD have been generated through intracerebroventricular injections
(ICV) of Aβ. For example, we have shown in our lab that amyloid plaques, phosphorylated tau,
neurofibrillary tangles, decreased insulin receptors, and astrocyte and microglial activation have
been induced in the brains of cynomolgus macaques using ICV injections of soluble AβOs122,123.
Similarly, ICV injections of AβOs in female rhesus macaques lead to dendritic spine loss,
neuroinflammation, and changes in CSF biomarkers124. Other approaches have used intracranial
injections of Aβ42 with thiorphan, an inhibitor of neprilysin responsible for Aβ clearance125.
However, despite the different NHP models of AD, aging, and other neurodegenerative diseases,
few characterize the changes in core CSF biomarkers related to neurodegeneration115,126–129.
Further, an important missing piece in the literature is established values for Aβ40, Aβ42, tTau,
pTau, and NFL biomarkers in naïve control NHPs across the life span independent of disease.

1.7 Objective of thesis
This thesis is comprised of two studies with the overall goal to describe baseline levels of
important CSF biomarkers that are related to neurodegenerative diseases including Aβ40, Aβ42,
tTau, pTau, and NFL in healthy, experimentally naïve cynomolgus and rhesus macaque monkeys.
Cynomolgus and rhesus macaques are commonly used in neuroscience research, which makes
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them an ideal species in which to investigate common neurodegenerative disease biomarkers.
These Aβ, Tau, and NFL values can then be used as important baseline references for developing
and tracking CSF in NHP models of neurological diseases. Current NHP models reporting these
CSF biomarkers have limited sample sizes, therefore, it is critical to establish normal values in
healthy NHPs before interpreting them in disease. This thesis assesses some of the factors that
can influence the levels of these biomarkers.
In Chapter 2, we determine if there are species, sex, or age associated differences in Aβ,
tau, and NFL biomarkers in cynomolgus and rhesus macaques. Additionally, we want to establish
if there are differences in these biomarkers when CSF is taken from either the lumbar area or the
cisterna magna area. While there have been several NHP models reporting CSF values for Aβ and
tau, baseline measures are lacking, and NFL has yet to be investigated in NHPs. Thus, this gap in
knowledge led us to investigate these factors. We hypothesize that there will be no species
differences, as both macaque species are old-world monkeys. We also hypothesize that there will
be significant sex differences. Similar to humans, we hypothesize that there will be age-related
changes, as Aβ biomarkers have been shown to decrease with age, and Tau and NFL biomarkers
increase with age. Finally, CSF is circulated throughout the brain and spinal column, so we
expect that biomarker concentrations will remain stable in both lumbar and cisterna locations.
In Chapter 3, we describe an observation we made about how NFL, a key biomarker of
neurodegenerative diseases, can be altered by routine LP. This study seeks to identify how
performing LPs can elevate NFL independent of disease. We investigate how long NFL is
elevated for, and a potential mechanism for this elevation. We hypothesize that LPs may cause
damage to the cauda equina, releasing NFL into the surrounding CSF. Therefore, performing
cisterna punctures instead of LPs should not elevate NFL.
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Chapter 4 discusses the findings in general, including the limitations of the work and
potential future directions. I explore additional CSF biomarkers that may be of interest in other
NHP models, as well as the need to characterize blood-based biomarkers in NHPs.
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Chapter 2
Comparison of cerebrospinal fluid biomarkers relevant to
neurodegenerative diseases in healthy cynomolgus and rhesus macaque
monkeys
A version of Chapter 2 has been published as a preprint and can be cited as:
Emma L. Robertson, Susan E. Boehnke, Natalia M. Lyra e Silva, Brittney Armitage-Brown,
Andrew Winterborn, D.J. Cook, Fernanda G. De Felice, Douglas P. Munoz. (2021). Comparison
of cerebrospinal fluid biomarkers relevant to neurodegenerative disease in healthy cynomolgus
and rhesus macaque monkeys. bioRxiv. doi: https://doi.org/10.1101/2021.03.01.433384

2.1 Abstract
Introduction: Non-human primates are important translational models of neurodegenerative
disease. We characterized levels of key biomarkers of neurodegeneration in healthy male and
female cynomolgus and rhesus macaques.
Methods: Amyloid-beta (Aβ40, Aβ42), tau (tTau, pTau), and neurofilament light (NFL) in CSF
were measured in 82 laboratory-housed experimentally naïve cynomolgus (n=33) and rhesus
(n=49) macaques of both sexes.
Results: Aβ40, Aβ42, and NFL were significantly higher in rhesus compared with cynomolgus
macaques. tTau and NFL were higher in males. pTau (pThr181) was not affected by species or
sex. Site of acquisition only affected NFL, with NFL being higher in CSF acquired from lumbar
compared with cisterna magna puncture.
Discussion: Normative values for key neurodegeneration biomarkers were established for
laboratory housed cynomolgus and rhesus macaque monkeys. Differences were observed as a
function of species, sex and site of CSF acquisition that should be considered when employing
primate models.
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2.2 Introduction
Cerebrospinal fluid (CSF) biomarkers are increasingly used to diagnose and track
progression and evaluate treatment of various human neurological disorders. For example, core
CSF biomarkers involved with Alzheimer’s disease (AD) include amyloid-beta 1-40 (Aβ40),
amyloid-beta 1-42 (Aβ42), total tau (tTau), and phosphorylated tau (pTau)1,2. Additionally,
neurofilament light (NFL), a protein providing structural support to the neural cytoskeleton, has
been identified as a marker of general axonal degradation and is also being investigated in a
variety of neurodegenerative disorders such as AD3–7, Parkinson’s disease5,8,9, multiple
sclerosis10–13, and Huntington’s disease3,14.
Old-world monkeys, such as cynomolgus (Macaca fascicularis) and rhesus macaques
(Macaca mulatta), are important models for human neurological disorders due to their similarities
in brain architecture, anatomy, physiology, and behaviour15,16. As many neurodegenerative
disorders involve impairment of higher cognitive functions, monkeys have the potential to
advance our knowledge of these disorders and validate treatments. To fully validate monkey
models of neurodegenerative disorders, it is important to better understand the factors that affect
these CSF biomarkers. There are several non-human primate (NHP) models of AD and aging
being developed17–25, of which only a few characterize the changes and progression of CSF
biomarkers17–20,22,24,25. Natural aging models in NHPs have shown development of amyloid plaque
deposition and phosphorylated tau accumulation in the brain parenchyma22,26–28, with some
showing age-associated changes in CSF biomarkers22,26.
Lumbar punctures (LPs) can be performed at the intervertebral spaces in NHPs to collect
CSF samples, aiding in the translational aspect to human clinical work, which typically employs
LPs. However, it is also common for CSF to be obtained from cisterna magna puncture in NHPs.
Therefore, it is important to contrast and assess differences in CSF samples acquired from these
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two sites29. For example, we have previously demonstrated that LPs, but not cisterna manga
punctures, significantly elevate NFL for several weeks30.
Despite significant progress in development of NHP models of disease, little is known
about the range of normative CSF values of Aβ, tau, and NFL in healthy NHPs in laboratory
housing conditions. Given the limited samples sizes of many primate studies, it is difficult to
interpret pathological CSF changes in these models without having references ranges with which
to compare. It is also unknown how factors such as species, sex, age, and location of the sample
taken affect biomarker levels in NHPs, independent of any neurological disease. To address these
gaps in knowledge, we characterized normative values for Aβ40, Aβ42, tTau, pTau (pThr181),
and NFL in a colony of naïve cynomolgus and rhesus macaques of both sexes, with CSF acquired
via LP or cisterna magna puncture.

2.3 Methods
2.3.1 Subjects
All NHPs were housed at the Centre for Neuroscience Studies at Queen’s University
(Kingston, Ontario, Canada) under the care of a lab animal technician and the Institute
Veterinarian. All procedures were approved by the Queen’s University Animal Care Committee
and were in full compliance with the Canadian Council on Animal Care (Animal Care Protocol
Munoz, 2011-039-Or).
LPs were performed on a total of 82 animals (Fig. 2.1): 19 male and 30 female rhesus
macaques (Macaca mulatta, ages: 3-12 years, body weight: 5.4-18 kg) and 28 male and 5 female
cynomolgus macaques (Macaca fascicularis, ages: 2-9 years, body weight: 3.4-10.7 kg). Animals
were housed indoors either in small groups (n=49) or individually (n=33), and kept on a 12:12-hr
light:dark cycle starting at 7am. They were fed a standard diet of high-protein or high-fiber
monkey chow and supplemented with fresh fruit and vegetables. On CSF collection day, animals
were fasted but had access to water ad libitum. Daily enrichment was provided through foraging,
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puzzle toys, swings, ropes, perches, mirrors, etc. All animals were experimentally naïve when the
CSF samples were obtained except for 3 animals for whom we were unable to acquire CSF on the
first attempt. On a separate day, a second attempt was required to obtain a sample.
Cisterna magna punctures were performed in a subset of 16 of the 82 for which CSF was
acquired by LP (7 male and 3 female cynomolgus macaques (ages: 2-6 years, body weight: 3.410.7 kg) and 6 male rhesus macaques (ages: 4-9 years, body weight: 5.4-18 kg). All 16 samples
were analyzed for NFL and 11 samples were analyzed for Aβ40, Aβ42, tTau, and pTau. The
cisterna puncture was performed on a separate occasion at least 5 months after the LP was
performed.

2.3.2 CSF Collection and Storage
CSF was collected as previously described30. A trained veterinarian or veterinary
technician performed LPs and cisterna magna punctures between 9am-1pm. Animals were
sedated with ketamine (5-15 mg/kg, intramuscular) and masked briefly, only when required, with
isoflurane (1-3%) and oxygen (2%) to minimize movement. If additional procedures were
planned (e.g. MRI, surgery), anaesthesia was induced with ketamine (10 mg/kg, intramuscular)
and diazepam (5 mg/kg, intramuscular). Glycopyrrolate (0.013 mg/kg, intramuscular) was given
and the animal was intubated. Anaesthesia was maintained using isoflurane (1-3%) and oxygen
(2%). In these relatively rare cases (n=3), CSF sampling was the first procedure conducted to
minimize any anesthetic effects.
For LP sampling, animals were placed in lateral recumbency and the superior iliac crest
was palpated31. The lumbar area was shaved and cleaned using chlorhexidine, alcohol, and
betadine. Depending on animal size, a 20g or 22g Quincke spinal needle (BD™) was inserted
into the intrathecal space between L4/5, or in some cases, L3/4 or L5/6. CSF was allowed to drip
by gravity into a sterile 1.5ml polypropylene Eppendorf tube (Axygen) and then immediately
placed on ice.
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For cisterna magna sampling, animals were placed in lateral or sternal recumbency and
the area between the occipital protuberance to the third cervical vertebrae was shaved and
cleaned. A 23g needle connected to a 1ml (BD Luer-Lok) polypropylene syringe was inserted
into the midline of the neck, with the tip of the needle pointing towards the nose32. No adverse
neurological effects were observed following LP or cisterna magna punctures.
If the CSF sample was visibly contaminated with blood, it was centrifuged at 1800g for
10 minutes at 4°C to remove blood cells. Samples were stored as 120ul aliquots within 30
minutes of collection in 0.6 ml sterile polypropylene tubes (Axygen) at -80°C. Prior to
biochemical analysis, samples did not undergo any freeze-thaw cycles.

2.3.3 CSF Biomarker Analysis
CSF samples were thawed in a biological safety cabinet just before analysis. To measure
Aβ40, Aβ42, pTau (pThr181) and tTau, a MILLIPLEX Human Amyloid Beta Tau Magnetic
Bead Panel (HNABTMAG-68K, EMD Millipore, Billerica, MA, USA) was completed on a
Biorad Luminex platform according to the manufacturer's instructions. NFL was measured using
a commercial sandwich ELISA (NF-light ELISA kit, UmanDiagnostics, Umeå, Sweden)
performed according to the manufacturer’s instructions. Within plate and interplate coefficients of
variation were <15% for the multiplex; and <10% for NFL respectively.

2.3.4 Exclusions
Exclusion criteria included: 1. Any values below the detection limits; 2. For NFL
analysis, animals that received a recent LP, as this procedure was shown to elevate NFL (but not
other Aβ/tau biomarkers) for several weeks30; 3. Any values that were more than four standard
deviations above the mean and flagged by Grubb’s test as outliers (p <.01). For CSF collected via
LP, 1 female rhesus was removed from Aβ40/Aβ42. 1 male cynomolgus, 1 male rhesus, and 5
female rhesus macaques were removed from tTau. One male cynomolgus and 3 male rhesus
macaques were removed from NFL. For CSF collected via cisterna magna, 1 male and female
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cynomolgus macaque was removed from tTau, 1 male cynomolgus macaque was removed from
pTau and another was removed from NFL.

2.3.5 Data/Statistical Analysis
Statistical analyses were performed with SPSS version 26. Pearson correlations were
used to test for relationships between age and biomarker levels. To examine the effects of species
and sex on Aβ40, Aβ42, tTau, pTau, and NFL while controlling for age, a two-way ANCOVA
was conducted. A Spearman’s rho correlation was used to assess the association between each
biomarker. To compare location differences of LP vs cisterna magna puncture, the MannWhitney U test for independent samples was used because the data was not normally distributed.
P values <0.05 were considered significant.

2.4 Results
A two-way ANCOVA was conducted on each of the biomarkers to assess the role of
species and sex. The age range was small, and significant main effects of age were only observed
for tTau, thus we removed age effects by adding age as a covariate in the analysis. The means,
age-adjusted means, standard deviations, and standard errors of each biomarker are presented in
Table 2.1. The raw values for each animal are plotted separated by species and sex for each
biomarker in Figure 2.2A-E.

2.4.1 Aβ40 and Aβ42
For both Aβ40 and AB42, there was a main effect of species [Aβ40: F(1,76)=20.53,
p<0.001, η2 = 0.21; Aβ42: F(1,76)=13.748, p<0.001, η2=0.15] with rhesus macaques [Aβ40:
2700.46 pg/ml; Aβ42: 503.89 pg/m] having higher concentrations than cynomolgus macaques
[Aβ40: 1602.72 pg/ml; Aβ42: 290.43 pg/ml]. There was no main effect of sex in either biomarker
(p=0.82; p=0.26) but there was a statistically significant interaction between species and sex
[Aβ40: F(1,76) = 4.14, p =0.045, partial η2 = 0.052; Aβ42: F(1,76)=5.252, p=0.025, η2=0.065].
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Analysis of simple effects indicated that the effect of species was greater for females [Aβ40:
rhesus 2974.2 pg/ml vs cynomolgus 1391.52 pg/ml; p<0.001, Aβ42: rhesus 605.78 pg/ml vs
cynomolgus 262.50 pg/ml; p<0.001] than males (Aβ40 rhesus 2426.73 pg/ml vs cynomolgus
1813.91 pg/ml; p=0.02, Aβ42: rhesus 401.99 pg/ml vs cynomolgus 318.37 pg/ml; p=0.179).

2.4.2 tTau and pTau
For tTau, there was a main effect of sex [F(1,70)=14.88, p<0.001, η2 = 0.175], with
males (324.77 pg/ml) having higher concentrations than females (180.89 pg/ml). There was not a
significant main effect of species [F(1,70)=2.911, p=0.092, η2 = 0.040] or an interaction
[F(1,70)=0.038, p=0.845, η2=0.001]. For pTau there was no main effect of species or sex and
there was no interaction (all p values >0.05).

2.4.3 NFL
For NFL, there was a main effect of species [F(1,73)=10.64, p=0.002, η2=0.127] with
rhesus (476.02 pg/ml) having higher concentrations than cynomolgus (275.52 pg/ml). There was
also a main effect of sex [F(1,73)=3.85, p=0.05, η2=0.050] with males(445.12 pg/ml) having
higher values than females (306.42 pg/ml). There was not an interaction between both variables
[F(1,73)=1.006, p=0.319, η2 = 0.014].

2.4.4 Effects of age
We wanted to determine if any of the biomarkers changed across the relatively narrow
range of ages (2-12 yrs) represented within the colony (Fig.2.1). Collapsed across species and
sex, there was a negative correlation in Aβ40 and Aβ42 with age (R2 = 0.065, p = .021; R2 =
0.092, p =0.006), but no significant correlation of tTau, pTau or NFL with age. When separated
by species and sex, Aβ40 and Aβ42 in female rhesus macaques decreased significantly with age
(R2 = 0.173, p = 0.025; R2 = 0.151, p =0.037), and tTau and pTau concentration decreased
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significantly with age in male rhesus macaques (R2 = 0.427, p =0.003; R2 = 0.208, p = 0.05). No
other biomarkers were correlated with age (p values >0.05) (Fig 2.3).

2.4.5 Effects of CSF location
In a subset of the NHPs (n=16) for whom CSF had been obtained by LP, CSF was
collected through the cisterna magna on a separate occasion (see Methods). Only NFL differed
between sample sites - it was significantly lower in cisterna samples (Mann Whitney U = 45.5, z
= -2.779, p =0.004) (Fig. 2.4). The median percent change ((lumbar puncture – cisterna
puncture)/cisterna puncture*100) in NFL was -42% (IQR=51%) (Fig. 2.4F). Our findings
showing that NFL is significantly lower in cisterna samples is consistent with a previous report 29.

2.4.6 Aβ and tau biomarkers are positively correlated with each other
Aβ40 and Aβ42 were positively correlated with each other [rs(79) = 0.956, p <0.001]
(Fig. 2.5A). tTau and pTau were also positively correlated [rs(73) = 0.404, p <0.001] (Fig. 2.5B).
No other combination of biomarker correlations reached significance (Data not shown, all p
values >0.09).
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Table 2-1. Means, Adjusted Means, Standard Deviations, and Standard Errors for Aβ40,
Aβ42, tTau, pTau, and NFL concentration in cynomolgus and rhesus macaques
Cynomolgus
Rhesus
Male
Female
Male
Female
Aβ40 pg/ml
M
1779.27
1539.33
2271.48
3083.87
(SD)
(721.64)
(585.17)
(774.97)
(1006.50)
Madj
1813.91
1391.52
2426.73
2974.20
(SE)
(159.18)
(384.73)
(215.35)
(169.80)
Aβ42 pg/ml
M
317.29
266.68
397.60
608.89
(SD)
(125.17)
(141.25)
(143.89)
(274.60)
Madj
318.27
262.50
401.99
605.78
(SE)
(37.82)
(91.41)
(51.17)
(40.37)
tTau pg/ml
M
286.71
199.37
310.71
237.03
(SD)
(114.28)
(70.09)
(162.23)
(81.99)
Madj
293.85
156.23
355.69
205.56
(SE)
(21.24)
(50.90)
(29.42)
(24.04)
pTau pg/ml
M
40.93
33.43
39.87
33.67
(SD)
(17.36)
(14.21)
(17.82)
(9.47)
Madj
41.29
31.94
41.439
32.60
(SE)
(2.84)
(6.87)
(3.85)
(2.98)
NFL pg/ml
M
372.22
184.67
505.42
443.19
(SD)
(142.15)
(58.39)
(231.01)
(251.74)
Madj
375.17
175.87
515.08
436.96
(SE)
(40.83)
(96.21)
(58.30)
(41.62)
Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid; NFL, neurofilament light; pTau,
phosphorylated tau; SD, standard deviation; SE, standard error; tTau, total tau.

2.5 Discussion
Using a laboratory housed colony of cynomolgus and rhesus macaques, we investigated
the effects of species, sex, age, and location of sample acquisition on common CSF biomarkers
used to characterize neurodegenerative diseases such as AD and tauopathies. These data help
establish normative values for these biomarkers in two commonly used species of macaques and
will be important reference points for efficient use and development of primate models of
neurodegenerative diseases.
In summary, concentrations of Aβ40, Aβ42, and NFL were all significantly higher in
rhesus macaques compared to cynomolgus macaques. tTau and NFL concentrations were
significantly higher in males compared to females. There were interactions between species and
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sex for both Aβ40 and Aβ42, with the species difference being greater for females than for males.
For pTau there was no effect of species or sex. As would be expected, strong correlations were
observed between Aβ40 and Aβ42 and between tTau and pTau, but we observed no other
correlations between biomarkers. As age increased, Aβ biomarkers decreased in female rhesus;
and tau biomarkers decreased in male rhesus. Finally, CSF samples from the cisterna magna
puncture were lower in NFL when compared to CSF obtained from LP. No other biomarker was
affected by sampling location.

2.5.1 Relation to previous NHP studies
Rhesus Macaques
Zhao et al. collected CSF via LP in young (n=5), mature (n=3) and old (n=4) rhesus
macaques and observed Aβ40 values ranging from about 1700-2300 pg/ml and Aβ42 values
ranging from about 75-125 pg/ml 25. Our observed values were generally higher for both
biomarkers, especially Aβ42 (see Table 2.1 and 2.2). This could be due to differences in assays,
as we used a Luminex multiplex (Millipore, USA) while they used individual ELISA kits for each
biomarker (ImmunoBiological Laboratories, Japan). In another study done by Li et al., CSF was
obtained by LP and Aβ40 and Aβ42 were measured in young (n = 15), middle-aged (n = 22), and
aged (n = 19) groups33. Their reported values were quite similar to ours, and Aβ40 values ranged
from approximately 1000-3300 pg/ml and Aβ42 ranged from 100-800 pg/ml33.
Beckman et al. looked at several of the same biomarkers we report here in a group of
female rhesus (n=6) that were undergoing intracerebroventricular injections of Aβ-Oligomers18 to
induce a monkey model of AD21. They obtained CSF via cisterna puncture, and found baseline
values for Aβ40 that were slightly higher than ours (~3500-4200 pg/ml), and for Aβ42 they were
somewhat lower than ours (~100-125 pg/ml). Their values for tTau (200-225pg/ml) were similar
to ours. For pTau, they examined different phosphorylation sites (pS199, pS231, pS396) than we
did (pThr181), making comparison difficult. Their values for NFL were an order of magnitude
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higher (3000-4000pg/ml) than we observed suggestive of axonal damage in their animals,
probably due to the implant surgery those animals had undergone to allow for the
intracerebroventricular injections. We could find no other reference values in the literature for
tTau, pTau, or NFL in CSF of naïve rhesus macaques.
Cynomolgus Macaques
In a study done in male and female cynomolgus macaques, young animals (n = 12) and
aged animals (n = 20) had tTau values averaging 639 pg/ml and 544 pg/ml, respectively20. These
values were on the high end of our reported range. Additionally, pTau (pS396) was reported to
average 50.4 pg/ml and 43.7 pg/ml, respectively, which was very similar to our data, despite our
analysis of pTau (threonine 181 instead of serine 396). In another study by Darusman et al.19, 12
aged cynomolgus macaques (male and female) were grouped into low-performers or highperformers in a behavioural task. They found Aβ42 values averaging 258.8 pg/ml and 454.7
pg/ml, in line with our values. Additionally, tTau was found to be 496.4 pg/ml and 227.8 pg/ml,
values that roughly corresponded with ours. Again, they characterized pTau serine 396 and found
it to be 44.1 pg/ml and 29.2 pg/ml.
Finally, in another study involving cynomolgus macaques, Yue et al.24 also characterized
Aβ40 and Aβ42 in males and females with CSF obtained by LP. Values of Aβ40 ranged from
approximately 100 ng/ml – 300 ng/ml and Aβ42 ranged from 2-22 ng/ml. Converted to pg/ml,
these values are orders of magnitude higher than our values (100,000 - 300,000 and 2,000 22,000 pg/ml), suggestive of a conversion error in their analysis. Assuming their true values were
1000-3000 and 20-220 pg/ml, the values in the same range as ours. pTau values in this cohort
were found to be 10-90 pg/ml, which was also similar to the range of values observed in our data.
While Yue et al, did not specify the epitope at which Tau was phosphorylated for their test, the
INNOTEST ELISA they used tests for phosphorylation of tau at 181, as was done in our study.
African Green Monkeys
38

Biomarkers of neurodegeneration have also been tracked in African green monkeys
(AGM, Chlorocebus aethiops sabaeus), another species of old-world monkey. While not a
macaque, this species is increasingly used as a model of aging and neurological disease. Research
animals of this species are predominately sourced from an inbred strain that emerged from
founder animals imported from Africa to St. Kitts island in the Caribbean in the 17th Century.
This makes them desirable because they have less genetic diversity. In four studies, cisterna
samples were collected in male and female AGMs22,26,34,35. Lemere et al. reported a baseline mean
Aβ40 concentration of ~10,500 pg/ml (n=10) and a mean Aβ42 concentration of ~1350 pg/ml
(n=10)35. Cramer et al. analyzed CSF (n=11) and reported Aβ40 values ranging from 4000-9000
pg/ml, Aβ42 ranging 100-300 pg/ml, tTau ranging 500-5000 pg/ml, and pTau ranging 25-120
pg/ml 26. Consistently, Latimer et al. analyzed CSF and found Aβ42 ranging from approximately
120-600 pg/ml (n=9) and pTau(serine 181) ranging from 10-40 pg/ml (n=13)22. Finally, Chen et
al. collected CSF from 329 AGM (0-20+ years old) and characterized Aβ40, Aβ42, Tau, and
pTau 34. On average, Aβ40 was 10267 pg/ml, Aβ42 was 506 pg/ml, Tau was 23 pg/ml, and pTau
was 30 pg/ml. Given their value for Tau was lower than that for pTau, Chen et al. discounted
their tTau measurement. Other than for measurement of tTau, all 4 of these papers had relatively
similar biomarker values.
In general, AGM monkeys appear to have much higher values of Aβ40, Aβ42 and
possibly Tau compared to cynomolgus and rhesus macaques (see Table 2.2). This comparison
suggests that a species difference may exist, in particular for Aβ, in which AGM > Rhesus
Macaques > Cynomolgus Macaques. This may reflect differences in assay binding between the
species, or true differences in amyloid load. Further research should clarify this.
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Table 2-2. Summary of previous non-human primate studies analyzing cerebrospinal fluid
biomarkers
Source

Species

Aβ40
(pg/ml)
1700 - 2300

Aβ42
(pg/ml)
75 - 125

tTau
(pg/ml)
-

pTau
(pg/ml)
-

NFL
(pg/ml)
-

Zhao et al,
Rhesus
2017
Li et al,
Rhesus
1000 - 3300
100 - 800
2020
Beckman
Rhesus
3500 - 4200
100 - 125
200 - 225
3000 et al, 2019
4000
Darusman Cynomolgus
639, 544
50.4, 43.7
et al, 2013
(pTau396)
Darusman Cynomolgus
258.8, 454.7
496.4,
44.1, 29.2
et al, 2014
227.8
(pTau396)
Yue et al, Cynomolgus
100000 2,000 10 - 90
2014
300000
22,000
Lemere et
AGM
10500
1350
al, 2004
Cramer et
AGM
4000 - 9000
100 - 300
500 - 5000
al, 2018
Latimer et
AGM
120 - 600
10 - 40
al, 2019
Chen et al,
AGM
10267
506
23
30
2018
Abbreviations: Aβ, amyloid beta; AGM, African green monkey; NFL, neurofilament light; pTau,
phosphorylated tau Thr181; tTau, total tau.

2.5.2 Comparison of age and sex effects in the literature
Due to the current colony demographics available to us, CSF samples were collected in
NHPs younger than 12 years (Fig 2.1). While we saw some effect of age in Aβ40 and Aβ42 in
rhesus macaques, we had limited animals of older age, and the ranges of ages between male and
female cynomolgus and rhesus macaques differed. Therefore, our results should be interpreted
with caution. With this caveat, our results indicating that Aβ biomarkers decrease with age in
female rhesus is consistent with other published data. A few studies with limited sample sizes
have revealed a significant decrease with age in CSF Aβ40 levels in both male and female aged
cynomolgus and rhesus macaques24,33 and also Aβ4233. On the other hand, Zhao et al report no
change in Aβ40, but an increase in Aβ42 with aged rhesus macaques25. In other studies done in
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AGMs, CSF Aβ40 was also observed to decrease with age22,34. Latimer et al. also reported a
significant decrease in Aβ4222, while another study showed it trending down26.
Furthermore, we also found that both tTau and pTau decrease with age in male rhesus
macaques. While we found no correlation with age and tau biomarkers in cynomolgus macaques,
this was consistent with other previous reports20,24 and also similar to that observed in AGMs22,34.
However, Cramer et al. reported a 2-fold increase in both tTau and pTau biomarkers with age 26.
This may indicate a species difference between cynomolgus macaques and AGMs. To better
compare our age correlations with other published data, further CSF samples would need to be
acquired from macaques older than 12 years.
In conclusion, we characterized Aβ40, Aβ42, tTau, pTau, and NFL biomarkers in CSF of
cynomolgus and rhesus macaques as a function of sex and age, providing the largest reference
values for laboratory housed animals of these species to date. These reference values will be
useful benchmarks by which to compare CSF from primate models of neurological disorders
generated using these species.
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Figure 2-1. Demographics of non-human primate colony.
A total of 82 animals were used: 28 male and 5 female cynomolgus (Cyno) macaques (Macaca
fascicularis, ages: 2-9 years, body weight: 3.4-10.7 kg) and 19 male and 30 female rhesus macaques
(Macaca mulatta, ages: 3-12 years, body weight: 5.4-18 kg). All animals were experimentally naïve.
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Figure 2-2. Species and sex comparison for CSF Aβ, tau, and NFL biomarkers.
A) Aβ40 Female rhesus were significantly higher compared to female cynomolgus ((F(1,76) = 15.296, p <
0.001, η2 = 0.168) and male rhesus were higher than male cynomolgus (F(1,76) = 5.58, p = 0.021, η2 =
0.068). B) Aβ42 Female rhesus were significantly higher compared to female cynomolgus (F(1, 76) =
14.128, p < 0.001, η2 = 0.157) and male rhesus (F(1,76) = 3.867, p = 0.053, η2 = 0.048). C) tTau
concentrations were higher for males (F(1,70) = 14.881, p <0.001, η2 =0.175). D) pTau No significant
differences between species or sex were found (p’s >0.05) E) NFL Rhesus were higher than cynomolgus
(F(1,73) = 10.642, p=0.002, η2 =0.127) and males were higher than females (F(1,73) = 3.845, p =0.054,
η2 =0.050).
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Figure 2-3. Age correlations to amyloid beta, tau, and neurofilament light CSF biomarkers.
A) Aβ40 B) Aβ42 C) tTau D) pTau E) NFL. A negative linear relationship indicated that as age increases,
Aβ40/Aβ42 decrease in female rhesus and tTau/pTau decrease in male rhesus. (R2 = 0.173, p =0 .025; R2 =
0.151, p = 0.037; R2 = 0.427, p = 0.003; R2 = 0.208, p = 0.050) All other p’s >0.05.
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Figure 2-4. Comparison of biomarkers taken from NHPs that had both lumbar punctures and
cisterna magna punctures.
A subset of NHPs from the colony had both lumbar and cisterna punctures. These values are plotted against
each other. A) Aβ40 B) Aβ42 C) tTau D) pTau E) NFL F) The percent change ((lumbar puncture – cisterna
puncture)/cisterna puncture*100) is plotted for each biomarker along with interquartile range. NFL in CSF
taken from the cisterna magna was significantly lower than CSF taken from the lumbar area (Mann
Whitney U = 45.5, z = -2.779, p = 0.004). All other p’s >0.05.
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Figure 2-5. Amyloid-beta and tau biomarkers are correlated with each other.
Each point represents one animal. Aβ40 and Aβ42 show a significant positive correlation. Spearman rho:
rs(79) = 0.956, p <0.001. tTau and pTau also show a positive correlation. Spearman rho: rs(73) = 0.404,
p <0.001. No other biomarker combinations were correlated (all p’s >0.05).
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Chapter 3
The effect of lumbar puncture on the neurodegeneration biomarker
neurofilament light in macaque monkeys
Chapter 3 has been published and can be cited as:
Boehnke, S.E.*, Robertson, E.L.*, Armitage-Brown, B., Wither, R.G., Lyra E Silva, N.M.,
Winterborn, A., Levy, R., Cook, D.J., De Felice, F.G., Munoz, D.P. (2020). The effect of lumbar
puncture on the neurodegeneration biomarker neurofilament light in macaque monkeys.
Alzheimers & Dementia: Diagnosis, Assessment & Disease Monitoring. 12(1):e12069.
doi:10.1002/dad2.12069.
*indicates co-first authorship; these authors contributed equally to the manuscript

3.1 Abstract
Introduction: Neurofilament light (NFL) in cerebrospinal fluid (CSF) is elevated in
neurodegenerative disease patients, and may track disease progression and treatment. Macaque
monkeys are emerging as important translational models of neurodegeneration, and NFL may be
a useful biomarker.
Methods: To determine the influence of a previous lumbar puncture (LP) on NFL, we collected
CSF at multiple time points in macaque monkeys via LP or cisterna magna puncture. NFL,
amyloid beta (Aβ40, Aβ42), and tau (tTau, pTau) in CSF were measured by standard enzyme‐
linked immunosorbent assay and multiplex.
Results: NFL was significantly elevated at 14 to 23 days after an LP (median increase: 162%).
Aβ and tau biomarkers remained stable. NFL peaked and decayed over 1 to 2 months after LP.
NFL was not elevated after cisterna magna puncture.
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Discussion: Results suggest damage of the cauda equina during LP may increase NFL. Caution
should be taken in interpreting NFL concentration in studies in which repeat LPs are performed.
Keywords: amyloid beta, biomarkers, cerebrospinal fluid, cisterna magna puncture, lumbar
puncture, neurofilament light, non‐human primate models, tau

3.2 Introduction
Neurofilaments form part of the neuronal cytoskeleton, are particularly prevalent in high‐
caliber myelinated axons, and are released into the cerebrospinal fluid (CSF) when neurons are
damaged or degenerating1,2. Neurofilament light (NFL) in CSF and blood has been proposed as a
putative biomarker relevant to a wide variety of pathological conditions that involve breakdown
of white matter3, including Alzheimer's disease (AD)4–9, mild cognitive impairment risk10, frontal‐
temporal dementia11–13, Parkinson's disease14–16, Huntington's disease17, amyotrophic lateral
sclerosis18, and multiple sclerosis (MS)19–21. NFL concentrations have also been compared across
various disorders8,18. NFL is touted as a sensitive index of disease severity12 and is being used to
track the effects of therapeutics in clinical trials, especially in MS (clinicaltrials.gov).
Non‐human primates (NHPs) are increasingly being used as models of neurodegenerative
diseases22, and there is a need to track CSF biomarkers in these models23–30. Similar to human
patient trials, serial sampling of CSF in NHP models can be used to track disease progression and
treatment effects, inferred by CSF biomarkers such as NFL, amyloid beta (Aβ), and tau.
Understanding factors influencing biomarker concentration levels, such as the method of
sampling, is important to biomarker interpretation. Studying the effect of repeated sampling via
lumbar puncture (LP) in a controlled manner is difficult to do in humans; however, NHPs afford
an opportunity to do so as they have similar anatomy and LPs are performed in a similar way. We
tracked the CSF biomarkers NFL, Aβ40, Aβ42, and total and phosphorylated tau (t‐tau, p‐tau)
after repeated LPs in rhesus and cynomolgus macaque monkeys. When a subsequent LP was
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performed, NFL was significantly elevated while other biomarkers remained stable. NFL
concentrations required more than a month to return to baseline. This increase in NFL was not
reliably observed when CSF was repeatedly sampled from the cisterna magna, suggesting the
mechanism of the increase after LP may be due to local damage of cauda equina axons, rather
than anesthesia or removal of CSF.

3.3 Methods
All procedures were approved by the Queen's University Animal Care Committee and in
compliance with the Canadian Council on Animal Care (Munoz, 2011‐039‐Or). Animals were
maintained at the Centre for Neuroscience Studies at Queen's University (Kingston, ON, Canada)
under the supervision of a lab animal technician and the Institute veterinarian.

3.3.1 Subjects
In total, 35 animals (19 rhesus macaques, 4‐15 years, 5.2‐16.9 kg, five females; 16
cynomolgus macaques, 3‐6 years, 3.0‐9.2 kg, two females) were used. For Figure 3.1, CSF was
collected repeatedly via LP from a subset of 23 animals who were completely naïve to
experimental central nervous system (CNS) procedures, including LP: 11 cynomolgus (4‐6 years,
5.0‐9.2 kg, one female) and 12 rhesus macaques (4‐10 years, 5.2‐16.9 kg, five females). After
baseline CSF collection via LP, a second LP was performed 14 to 23 days later. One male
cynomolgus was removed from t‐tau analysis as a sample was below detection limits; another
male rhesus was removed from all biomarker analysis because his baseline NFL (>2000 pg/mL)
was four standard deviations (SD) above the mean and flagged by Grubb's test as an outlier (P <
.01).
For Figure 3.2A, in three additional rhesus (13‐15 years, 11.2‐15.5 kg) and four
additional cynomolgus (5‐6 years, 6.4‐7.2 kg), CSF was collected after various delays (30, 51, 58,
94, 118, 201, 365 days) longer than that for the animals from Figure 3.1 (14‐23 days), with one
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rhesus having a 3rd LP 365 days after the second. For Figure 3.2B, in a subset of three rhesus (4‐
6 years, 5.2‐6.5 kg) and eight cynomolgus (5‐6 years, 6.1‐8.9 kg) macaques from Figure 3.1E, a
third LP was performed 69 days later to determine whether biomarkers had returned to baseline
levels. For Figure 3.2C, a single male rhesus macaque (11 years, 16.9 kg) was studied. For Figure
3.3A, six rhesus (6‐11 years, 7.6‐15.5 kg) and four cynomolgus macaques (3‐6 years, 3.0‐7.6 kg,
one female) had two cisterna magna samples taken 15 days apart. Of these 10 animals, 7 had been
given an LP in the previous year (typically 5 or more months prior to the baseline cisterna
puncture) and the rest were experimentally naïve.

3.3.2 CSF sampling and storage
A trained veterinarian or veterinary technician performed LPs and cisterna magna
punctures with animals receiving the dissociative anesthetic ketamine (5‐15 mg/kg,
intramuscular). When required to reduce movement, six animals were masked briefly (2‐5
minutes) with 2% isoflurane—an inhaled anesthetic. If additional procedures were planned (eg,
magnetic resonance imaging [MRI]), full anesthesia was induced as described previously30 (n =
10/98). Specifically, anesthesia was induced with ketamine (10 mg/kg, intramuscular) and
diazepam (5 mg/kg, intramuscular). Glycopyrrolate (0.013 mg/kg, intramuscular) was given and
the animal was intubated. Anesthesia was maintained using isoflurane (1%‐3%) and oxygen
(2%).
To prepare for CSF sampling, the lumbar or cisterna area was shaved and cleaned using
chlorhexidine, alcohol, and betadine. Depending on animal size, a 20 or 22 g Quincke spinal
needle (BD™) was inserted into the intrathecal space between L4/5, or occasionally between
L3/4 or L5/6 (n = 5/70). CSF was collected into a sterile 1.5 mL polypropylene tube (Thermo
Fisher) and immediately kept on ice. For cisterna samples, a 23 g needle was typically used and
CSF was drawn into a 1 mL (BD Luer‐Lok) polypropylene syringe. Any samples that were not
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clear (ie, tinted with a drop of blood contamination caused by needle insertion through tissue; n =
13/98) were centrifuged (1800 × g, 10 minutes, 4°C). Using data from the first LP or cisterna
samples taken, we found that mean NFL concentration in blood contaminated samples (n = 6, 354
pg/mL) did not differ appreciably from clear samples (n = 26, 370 pg/mL, SD = 204). Samples
with substantial blood contamination, suggestive of blood contamination in CSF flow—a very
rare occurrence—were not taken and the sampling attempt was abandoned. Samples were
typically aliquoted within 30 minutes and stored in 0.6 mL tubes at −80°C.

3.3.3 Lumbar port surgery and sampling
In one rhesus macaque, an indwelling lumbar port and catheter was implanted following
a previously published protocol31. The animal was sedated with ketamine (10 mg/kg,
intramuscular) and diazepam (5 mg/kg, intramuscular). Glycopyrrolate (0.013 mg/kg,
intramuscular) was given and the animal was intubated. Anesthesia was maintained using
isoflurane (1%‐3%) and oxygen (2%). The lumbar area was shaved and cleaned using
chlorhexidine, alcohol, and betadine. An incision was made over the vertebral spaces between L4
and L5. A Tuohy epidural needle (17 g, CMD) was used as an introducing needle, and a 3‐french
hydromer‐coated catheter (Access Technologies, Skokie, Illinois) was inserted through the
introducing needle ≈13 cm into the intrathecal space. The catheter had x‐ray opaque markings
and placement of the catheter was verified using x‐ray. The catheter was attached to a MIN
LoVol port (15 μl volume, Access Technologies, Skokie, Illinois), which was then sutured to the
muscle. Upon verification of port and catheter patency by drawing CSF through the port, the skin
was sutured and the animal was recovered. Subsequent port sampling occurred cage‐side, with
the awake animal trained to present the port. A non‐coring Huber needle (22‐25 g, Access
Technologies, Skokie, Illinois) was inserted through shaved and cleaned skin into the reservoir
and CSF was extracted with a 1cc polypropylene syringe and aliquoted as described above. The
lumbar port was an important refinement because it allowed us to repeatedly sample CSF (for 50
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days) without anesthesia, and without repeated puncturing of the lumbar area. The dead volume
of CSF in the port was <20 μl and typically a 300 μl sample was obtained. While the dead volume
was not discarded, it represented <7% of the sample volume so was unlikely to substantially
influence the NFL concentration. Further, because the procedure was consistent for all samples,
any error was constant.

3.3.4 CSF biomarker analysis
CSF samples were thawed in a biological safety cabinet just before analysis. To measure
NFL concentration, a commercial sandwich enzyme‐linked immunosorbent assay (ELISA; NF‐
light ELISA kit, Uman Diagnostics, Umeå, Sweden) was performed according to the
manufacturer's instructions. Concentrations of Aβ40, Aβ42, p‐tau (pThr181), and t‐tau were
determined using a MILLIPLEX Human Amyloid Beta Tau Magnetic BeadPanel (HNABTMAG‐
68K, EMD Millipore, Billerica, MA, USA) completed on a Biorad Luminex platform according
to the manufacturer's instructions. Within plate and interplate coefficients of variation were <5%
and <15% for NFL; and <10% and <15% for the multiplex, respectively. Repeat samples
collected from a given animal were run together on the same plate, except for two in Figure 3.2A
(long delays).

3.3.5 Data/statistical analysis
Statistical analyses were performed in GraphPad Prism 5.01. A paired t test (two‐tailed)
was used to test if biomarker values differed on the second LP or cisterna puncture. A P value of
<.05 was considered significant. If the samples failed the Kolmogorov‐Smirnov test for normality
of data, which only occurred for the second sample of NFL values for both LP and cisterna
punctures, a Wilcoxon signed‐rank test for paired samples was conducted. For comparison of the
percent change in NFL values obtained by LP and cisterna magna the Mann‐Whitney U test for
independent samples was conducted as the samples were not normally distributed.
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Anonymized data will be shared by request from any qualified investigator.

3.4 Results
3.4.1 Lumbar puncture elevated CSF concentration of NFL, but not Aβ or tau
biomarkers
We conducted a controlled study in which CSF was collected via LP in 23 experimentally
naïve rhesus (n = 12) and cynomolgus (n = 11) macaques of similar age to obtain a baseline CSF
sample, and then a second sample was collected via LP 14 to 23 days later. No other procedures
were performed during this time interval. No animals were observed to have any sensory or motor
effects after LP. Thus, any differences between the biomarker values in the CSF were attributable
to the original LP sampling event. NFL was measured from samples at these two time points in
23 animals (one excluded as an outlier, see Methods); Aβ40, Aβ42, t‐tau, and p‐tau were
measured in 16 of these animals. The means, standard deviations, medians, and interquartile
ranges of these are provided in Table 3.1 and the individual datapoints are provided in scatter
plots in Figure 3.1 A-E. A previous LP resulted in a mean increase in NFL of 348% (t[21] =
2.88, P = .009, paired t test, two‐tailed) but no change in Aβ40 (P = .75), Aβ42 (P = .75), t‐tau
(P = .17), and p‐tau (P = .95). Because the second sample of NFL values was not normally
distributed, we repeated the analysis using non‐parametric statistics to avoid bias from some
extremely high values. The median percentage increase in NFL was 162% (Figure 3.1F) and a
Wilcoxon rank sum test revealed this increase to be a highly significant (P < .0002, two‐tailed).
That Aβ did not change during this repeat sampling timescale is consistent with a previous report
using human trial data32. However, the timescale of any increase or decline of Aβ and tau may
have occurred during the first days after LP33. To test if there was any difference between
cynomolgus and rhesus macaques in these effects, we compared the percent change in biomarker
values after LP, and observed no species difference for any of the biomarkers (independent
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samples t test, two‐tailed, all p's>0.08). For NFL we confirmed the lack of species difference with
a non‐parametric test (Mann‐Whitney for independent samples, P = .55).
Table 3-1. Summary statistics for CSF biomarkers obtained from two LPs taken 14 to 23
days apart
LP1 mean

LP2 mean

LP1 median

LP2 median

Mean %

Median %

(SD)pg/mL

(SD)pg/mL

(IQR)pg/mL

(IQR)pg/mL

change(SD)

change(IQR)

Aβ40 1796.54

1837.89

1580.37

1833.81

9.59

0.72

(772.52)

(678.49)

(977.15)

(1023.85)

(39.05)

(47.03)

331.42

314.21

301.7

6.18

-1.49

(140.41)

(127.28)

(171.78)

(143.49)

(44.88)

(55)

350.63

326.77

338.49

351.43

-4.9

-4.6

(140.48)

(114.66)

(127.36)

(120.25)

(14.22)

(19.74)

42.32

42.21

40.87

40.51

3.74

-6.02

(16.12)

(12.68)

(21.36)

(16.36)

(21.20)

(26.69)

419.27

1586.95

369

888.5

347.74

162.19

(210.36)

(1878.25)

(216.75)

(979)

(617.28)

(238.88)

Aβ42 341.59
tTau
pTau
NFL

Abbreviations: Aβ, amyloid beta; CSF, cerebrospinal fluid; IQR, interquartile range; LP, lumbar
puncture; NFL, neurofilament light; SD, standard deviation.
For most animals (n = 16/22) CSF was collected exclusively under ketamine—a
dissociative anesthetic—for both LPs. The six other animals were additionally masked with
isoflurane for a few minutes to reduce movement, and three of those were under full anesthetic
procedures (see section 3.2) for the second LP, because additional procedures were performed
after the LP. We repeated our analyses using only those animals exclusively anesthetized with
ketamine. The effect of the previous LP on NFL concentration remained strong, with a mean
percentage increase of 421% (t[15] = 2.7, P = .017, paired t test, two‐tailed). The median
percentage increase remained at 162% (P = .0006, Wilcoxon rank sum, two‐tailed). Those
animals receiving ketamine and masked isoflurane on the first LP showed a percentage increase
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in NFL of 153%. Thus, exposure to isoflurane did not contribute to the increased NFL
concentration from the second LP.

3.4.2 How long did NFL remain elevated?
Figure 3.2A illustrates how the percentage change in NFL values persisted after LP,
including seven additional animals with delays longer than 30 days between LPs. For several of
these animals CSF was sampled under full anesthetic procedures (see figure caption). For delays
longer than 30 days there were only small, inconsistent changes in NFL values (Figure 3.2A).
This suggested that the increase in NFL we observed at 2 to 3 weeks was followed by a decline
over time back to baseline levels. To test this in a controlled fashion, in a subset of the animals (n
= 11) who had all received second LPs at 16 days (from Figure 3.1), a third LP was performed
after 69 additional days to determine whether enough time had passed for NFL to return to
baseline. The samples of NFL values from the first, second (16 days later), and the third LP (69
days later) were normally distributed with mean (+SD) values of 591.5 (229), 1361.6 (1327), and
657.7 (295) pg/mL, respectively. NFL concentration was elevated at 16 days, and had declined to
baseline levels for some but not all animals after an additional 69 days (Figure 3.2B). A one‐way
repeated‐measures analysis of variance was performed revealing a significant main effect
(F[2,20] = 4.34, P = .027). Paired comparisons with Tukey honestly significant difference (HSD)
test revealed that there was a significant increase from baseline to day 16 (P < .01), a marginally
significant decrease between day 16 and 69 (P < .06), and no difference between baseline and 69
days after the second LP (P = .97).
In an additional animal, we further examined NFL in CSF obtained from repeated LPs
(14, 26, and 37 days separations), and confirmed NFL remained elevated relative to baseline with
repeated sampling (Figure 3.2C, left). We then inserted a lumbar port to allow for chronic
sampling without further LPs or anesthetic events. Insertion of the port resulted in a dramatic
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elevation in NFL (>2000%). This is consistent with a report that NFL was highly elevated after
the insertion of lumbar ports in cynomolgus macaques24, and only declined by about 100 days
after port insertion. We tracked the subsequent decline in NFL by taking repeated port samples in
the absence of anesthesia for 50 days (Figure 3.2C, right). Consistently, NFL declined after an
exponential decay function that predicted a return to baseline by 100 days.

3.4.3 Is damage of cauda equina axons the mechanism of NFL increase?
Possible mechanisms of the NFL increase we observed after LP could include damage to
the NFL‐rich axons1 of the cauda equina, some consequence of the anesthesia34 required for LP
sampling in monkeys, or of the removal of a bolus of CSF from circulation. One way to elucidate
this is to examine whether a previous cisterna magna sample affects NFL values obtained from a
subsequent cisterna magna sample. Sampling from the cisterna magna is not impeded by nerve
roots in the way that an LP may be. In a group of animals (n = 10), we obtained a CSF sample via
puncture of the cisterna magna using the same protocols required for most LP sampling (ie,
ketamine anesthesia), thereby controlling for any effects due to anesthetic procedure or the
removal of a volume of CSF. In Figure 3.3A, NFL values measured from the first cisterna magna
sample are plotted against the value obtained from a cisterna magna sample performed 15 days
later. In contrast to repeated LP sampling, a previous cisterna sample (mean = 252, SD = 124) did
not result in a consistent increase in NFL on the second cisterna puncture (mean = 875, SD =
1979; t[9] = 0.99, P = .35, two‐tailed). Because the data were not normally distributed, they were
also analyzed non‐parametrically. The medians for the two cisterna samples were 232 and 278
pg/mL, and the median percentage change was −3.94%. A Wilcoxon rank sum test revealed no
significant difference (P = .92, two‐tailed). Comparing the effect of repeat LP (median % change
= 162%) with repeat cisterna magna puncture (median % change = −3.94%) using a Mann‐
Whitney U test for independent samples revealed that the increase with repeated LPs was
significantly greater than that for repeated cisterna magna punctures (P = .01, two‐tailed, see
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Figure 3B). In summary, there was no consistent change in NFL with repeat cisterna magna
puncture suggesting that the increase in NFL with repeat LP sampling was more likely due to
local damage in the cauda equina, rather than ketamine anesthesia or removal of CSF. Note that
while increases in NFL have been associated with general anesthesia in human patients
undergoing surgical procedures34, most of the patients in that study also received spinal
anesthesia (ie, a LP). Indeed, when general anesthesia was induced with sevoflurane in the
absence of any surgical procedure, plasma NFL actually decreased over 5 hours35.

3.5 Discussion
When measured 2 to 3 weeks after an initial LP, NFL was highly elevated and Aβ and tau
biomarkers did not change. While we observed a dramatic increase in NFL at time of
measurement, the peak increase likely occurred earlier than that, and our subsequent experiments
revealed that it may take 1 to 2 months or more for NFL to return to baseline, depending on the
degree of elevation. Our final experiment shed insight on the mechanism underlying the increase
in NFL after LP. We observed no increase in NFL when CSF was obtained by cisterna magna
puncture, which is not impeded by nerve roots as is LP. This suggests that the increase in NFL
after LP was not caused by ketamine or removal of a bolus of CSF (held constant in both
experiments), but more likely by nerve root damage in the cauda equina.

3.5.1 Implications for non-human primate models
These results reveal a major limitation in the use of NFL as a biomarker in preclinical
animal models of neurological disease, in which invasive CNS procedures are routinely
performed. In our experience, any invasive CNS procedure, such as insertion of catheters into the
lateral ventricle30,36, insertion of electrodes into brain tissue37, insertion of lumbar ports, and even
simple atraumatic LPs can increase NFL concentrations. When using NHP models, caution
should be taken in interpreting NFL when repeated LPs are performed to track disease
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progression or treatment effects. Increases in NFL due to LP could artificially inflate disease
progression or might mask reductions in NFL due to treatment. Indeed, in a recent study tracking
NFL levels during induction of an NHP model of AD23, NFL concentrations reported were
extremely elevated at baseline by almost an order of magnitude compared to our baseline levels,
suggesting the cause was due to invasive procedures prior to first sample. Our results also
confirm those reported by Barten et al.24 that insertion of a lumbar port results in an extreme
elevation in NFL. Consistent with that study, we found that the return to baseline NFL levels can
take up to 100 days, reflecting the long half‐life of neurofilament in the brain.
For studies using NFL as a biomarker, cisterna magna puncture might be a better choice
over LP to obtain CSF to avoid this confound. Alternatively, moving to blood based measures of
NFL is advisable. Replicating our results in blood using SIMOA is a critical future direction.
However, given that NFL concentrations in blood and CSF are highly correlated38, even blood
samples would be affected by a previous LP or invasive neurological procedures.

3.5.2 Potential implications for human studies
There are two published studies in which NFL was analyzed after repeat LPs in humans;
however, they are difficult to interpret. In one, there was no difference in NFL values taken about
2 weeks apart, but patients were undergoing electroconvulsive therapy39; in the other, the data
were not presented in a way that the reader can determine the order of sampling33. A recently
published re‐analysis of this later study demonstrated that repeat sampling (3 days apart) resulted
in elevated Aβ and tau, but not NFL40. This suggests: (1) LPs in NHP models may cause more
damage than LPs in humans, suggesting a problem with translating the use of NFL between NHP
models and the human studies; (2) the failure to observe an NFL increase was biased by the small
sample size in that human study; (3) the NFL increase takes longer to manifest than the 3 days
between samples taken in that study.
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We strongly recommend that the influence of LP on NFL levels receive further study in
humans, especially in older individuals, because, should our results translate, this potential
confound could have serious implications for human trials in which NFL is used as a biomarker
and repeat CSF sampling via LP is conducted. Further, patient groups are more likely than
controls to have had a previous LP for diagnostic workup prior to enrollment in studies, which
could inflate patient‐control differences in NFL.
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Figure 3-1. The effect of previous lumbar puncture (LP) on cerebrospinal fluid biomarkers.
The value of each biomarker obtained from the baseline LP is plotted against the value obtained from an
LP performed 14 to 23 days later. A, Amyloid beta (Aβ)40 (n = 16); B, Aβ42 (n = 16); C, t‐tau (n = 15); D,
p‐tau (n = 16); and E, neurofilament light (NFL;n = 22, 11 rhesus and 11 cynos). F, The percent change in
biomarkers from LP1 to LP2 (%change = [LP2‐LP1]/LP1*100) is plotted along with their median and
interquartile range, revealing that NFL was significantly elevated by LP (P < .0002, Wilcoxon rank sum
test, two‐tailed), but Aβ and tau biomarkers were not (all ps>0.17, paired t tests, two‐tailed). Most animals
were only anesthetized with ketamine for both LPs (16/22), the rest also received briefly masked isoflurane
for LP1 and three of those were under full isoflurane anesthetic via intubation for LP2.
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Figure 3-2. Timecourse of neurofilament light (NFL) elevation and decline after repeated lumbar
punctures (LPs).
A, The percent change in NFL from Figure 3.1E is plotted along with data from seven additional animals
who had second LPs at longer delays, demonstrating that increases in NFL due to LP are not evident after 1
to 2 months delay. Values at 58, 118, 201, and 365 days of separation were obtained from animals under
full isoflurane anesthetic via intubation, in addition to ketamine. B, Values of NFL are plotted from a
subset of NHPs from Figure 3.1E (n = 11) who had a second LP after 16 days, and a third LP after another
69 days (85 days after original baseline). NFL concentrations were significantly elevated after 16 days (P <
.03), and had decreased to near baseline levels after an additional 69 days. Most animals (8/11) had all LPs
conducted under ketamine only. The others (3/11) received ketamine and masked isoflurane, with one
under full anesthesia for LP2. C, In another animal, three LPs were performed (0, 14, and 26 days) and
NFL was elevated after both the first and second LPs. Then, a lumbar port was implanted (requiring a
fourth LP) to track the decline in NFL over time. NFL increased dramatically after lumbar port insertion,
and then declined over 50 days after an exponential decay function (y = 50371e‐0.046x, R 2 = 0.99) which
predicted a return to baseline at 100 days. In addition to ketamine, this animal received brief masked
isoflurane for LP1 and was under full isoflurane anesthetic via intubation for LP2 and lumbar port
insertion. Samples after port insertion were taken with the animal awake in the home cage.
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Figure 3-3. The effect of previous cisterna magna puncture on neurofilament light (NFL)
concentration.
A, The value of NFL obtained from the baseline cisterna magna puncture is plotted against the value
obtained from a cisterna magna puncture performed 15 days later (n = 10, six rhesus and four cynomolgus).
There is no significant change in NFL measured from repeat cisterna magna samples (P = .92, Wilcoxon
rank sum test, two‐tailed). All animals were anesthetized using only ketamine. B, The median percent
change in NFL for repeated lumbar punctures (14‐23 days apart) from Figure 3.1 is plotted next to the
median percent change in NFL for repeated cisterna punctures (15 days apart). The change observed for
repeated LPs is significantly greater than that observed for repeated cisterna punctures (P = .01, Mann‐
Whitney U, two‐tailed).
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Chapter 4
General Discussion
4.1 General Contributions
The goal of this thesis was to characterize and establish the factors, such as species, sex,
age, and location of sample, that influence neurodegenerative disease biomarkers in the CSF of a
colony of healthy, naïve cynomolgus and rhesus macaques. In order to validate future NHP
models of neurological disorders, it is important to have a normative database for reference of
baseline measures.
In Chapter 2, we described the levels of Aβ40, Aβ42, tTau, pTau, and NFL in female and
male cynomolgus and rhesus macaques that were various ages. We anticipated finding similar
values between species because they are both old-world monkeys. However, we identified higher
concentrations of Aβ40, Aβ42, and NFL in rhesus macaques when compared to cynomolgus
macaques. While both macaque species are old-world monkeys, this represents a species-specific
difference in these biomarkers. Should an NHP model be developed using both cynomolgus and
rhesus macaques, it is important to note that their CSF samples should be interpreted separately.
Additionally, we found significant sex differences. Female rhesus were higher in Aβ, and males
were higher in tTau and NFL. In humans, this interaction between sex and Aβ42 and tTau has
been studied when compared to longitudinal hippocampal atrophy in females1,2. Additionally,
higher levels of CSF NFL have been found in males, which is also consistent with our NHP
data3,4. Therefore, this highlights the importance of investigating both male and female NHPs
when designing preclinical animal models.
That Aβ biomarkers decreased with age in NHPs is consistent with human data. It is
hypothesized that circulating Aβ42 in the CSF is decreased in AD patients, while Aβ42 found in
the brain is increased, due to Aβ42 inclusion in amyloid plaques5–9. This would suggest that some
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of the older NHPs could already be producing amyloid plaques as part of their aging processes.
We also found decreased level of tTau and pTau in male rhesus with age, which was unexpected.
Increased tTau levels have been found in aged humans9–12, which may suggest a human-NHP
species difference, or could be due to the current colony demographics. With few aged NHPs, this
effect of tau biomarkers would require further investigation. In addition, increased levels of CSF
NFL in healthy individuals have been found in humans13. Our NFL data did not reach
significance of increased or decreased levels, which could also suggest we require more aged
NHPs to see an effect.
Our results of decreased NFL in cisterna CSF are also important to note. When collecting
CSF samples from NHPs, location of the sample collection should be kept consistent if measuring
biomarkers overtime. One suggestion would be to collect both lumbar and cisterna CSF at the
same time during baseline measures. Therefore, if a CSF sample is not acquired at a later time
point from one of these locations, it could still be compared. One limitation with our study design
was that we collected cisterna CSF on a separate occasion, and not at the same time as the LP.
This may have influenced our results if the CSF was collected at a different time of day, or if
errors in sample collection and processing occurred. Future studies should include collecting
additional cisterna CSF samples to increase our sample size and collecting lumbar CSF during
those same time points.
For this thesis, we were able to collect and analyze samples from 82 healthy NHPs (33
cynomolgus and 49 rhesus). This study represents the largest macaque sample of CSF Aβ, tau,
and NFL biomarkers analyzed in naïve, control NHPs. Most NHP studies have limited sample
sizes14–19 due to the ethics, cost, and maintenance of housing NHPs. Older NHPs have often been
repurposed from other studies, thus confounding age-associated changes independent of disease.
We were able to leverage the colony at Queen’s University while these animals were
experimentally naïve before they were placed on additional studies.
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In Chapter 3, we explored why NFL was increased after performing an LP. This elevation
in NFL levels persisted for up to 100 days. This effect was specific to NFL; Aβ and tau
biomarkers remained unchanged following repeated LPs. Importantly, we are one of the first
groups to characterize NFL in the CSF of NHPs. In one other study using an NHP model of AD,
CSF NFL was analyzed in 6 female rhesus: 4 were injected with AβOs and 2 with scrambled Aβ
preparation14. While these CSF samples were collected via cisterna puncture and not through
repeated LPs, intracerebroventricular injections cause damage, which can confound results by
elevating NFL independent of the model created. While they saw no significant increase in NFL
during or post AβO injections, baseline measures of NFL were reported from 2000 – 4000+
pg/ml, which is much higher than what we have reported in both lumbar and cisterna samples14.
Our findings of increased NFL following repeated LPs are critical for researchers when
designing CSF collection time points in both animal models and human studies. While further
research is required to elucidate the mechanism of increased NFL after LPs, performing repeated
cisterna punctures over an acute time period may be an alternative method, as we did not see a
significant increase in NFL (see Fig. 3.3). Using the minimally invasive lumbar port method is
another alternative to tracking NFL during an acute time period. However, we found that the
initial surgery caused NFL to become highly elevated (Fig. 3.2), which would require researchers
to wait several months before collecting baseline data. This then adds additional time before
experiments can be started and runs the risk of losing patency of the lumbar port. Our results
would suggest that any surgeries following the initial implantation to fix or replace the lumbar
port would also cause NFL to increase again. Thus, this makes tracking NFL in NHP models
difficult. As mentioned previously, while this effect of repeated LPs has not been observed or
studied in human studies, should it translate to humans, it could also confound clinical trial data.
When designing CSF sampling time points, adequate time between LPs should be accounted for
so that NFL is not elevated independent of disease.
73

4.2 Comparison of CSF biomarkers: Humans vs NHPs
In humans, CSF concentrations of Aβ40, Aβ42, tTau, pTau, and NFL have been
investigated longitudinally in healthy, aged controls (see Table 4.1 for summary). For example,
varying concentrations of Aβ40 have been found in the CSF of cognitively normal adults with
mean values of 8958(4464) pg/ml20 and 4003(1185) pg/ml21. Our average values reported in
cynomolgus and rhesus macaques were lower, ranging from 1391 – 2974 pg/ml (see Table 2.1).
This could be due to assay differences or species-specific differences. Additionally, Aβ42
concentrations in large cohorts of cognitively healthy controls have mean values that ranged from
211(57) pg/ml22, 257(25) pg/ml6, 652(235) pg/ml20, 700(182) pg/ml23, and 838(253) pg/ml21. In a
multicenter sample of cognitively normal subjects, reported values of Aβ42 ranged from 2001250 pg/ml across the age span of 40-80+ years24. Thus, in both cynomolgus and rhesus
macaques, our average values ranging from 262-605 pg/ml are comparable to humans.
Similarly, varying concentrations of tTau in healthy, aged humans have been reported.
For example, mean values of tTau ranged from 59(18) pg/ml6, 73(30) pg/ml22, 215 (78.3) pg/ml21,
285(151) pg/ml20, and 326(157) pg/ml23. In humans aged 40-80+ years, tTau concentrations
ranged from as little as 50pg/ml – 1250 pg/ml, with higher tTau concentrations found in APOE ε4
carriers included in the analysis24. The cynomolgus and rhesus macaques tTau values we reported
averaged from 156 pg/ml – 355 pg/ml, indicating similar concentrations between humans and
NHPs. Average concentrations of pTau in human controls have been reported as 21(7.8) pg/ml6,
25(11) pg/ml22, 47.9(14.8) pg/ml21, 52(23) pg/ml20, and 61.2(17.3) pg/ml23. In the multicenter
study, pTau concentrations ranged from 10-150 pg/ml24. Again, the NHP colony values were
similar, averaging from 31-41 pg/ml, indicating CSF tau values are comparable across species.
Finally, NFL has been investigated in healthy control subjects. In one study, samples
were acquired from healthy individuals aged <30-60+ years13. Median NFL concentrations were
187(94) pg/ml in subjects less than 30, 274(66.5) pg/ml between 30 to <40 years old, 466(275)
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pg/ml between 40 to <60 years, and 693(568-1239) pg/ml in subjects 60+ years old13. In
cynomolgus and rhesus macaques, we found NFL concentrations averaging 175-515 pg/ml,
which is similar to this study. However, higher values of NFL have also been reported in the
literature. For example, median NFL concentrations were reported as 1047(809-1265) pg/ml
when compared to patients with AD and mild cognitive impairment25. In a systematic review and
meta-analysis of the diagnostic value of NFL, data from over 1300 healthy control subjects were
analyzed and NFL concentrations ranged from an estimated 64-4000+ pg/ml, with the majority of
subjects reported less than 1000 pg/ml3. This difference between humans and NHPs could be due
to age differences, as a positive association of NFL with age was identified in the human healthy
controls. However, the meta-analysis also revealed a systematic error in reported concentrations
from several facilities: a dilution error was found in the interpretation of the results, causing
inflated values of NFL3. Raw NFL values were obtained from these facilities and corrected for in
the meta-analysis, but previous published papers with this error were not specified3. As the
concentrations of Aβ, tau, and NFL biomarkers observed in NHP CSF were similar to those
reported in humans, this supports the translation of biomarker values between NHPs and humans.
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Table 4-1. Summary of previous human studies analyzing cerebrospinal fluid biomarkers
Source
Aβ40 (pg/ml) Aβ42 (pg/ml) tTau (pg/ml) pTau (pg/ml) NFL (pg/ml)
Fagan et al,
8958(4464)
652(235)
285(151)
52(23)
2009
Verbeek et
4003(1185)
838(253)
215(78.3) 47.9(14.8)
al, 2009
Mattsson et
211(57)
73(30)
25(11)
al, 2013
Mattsson et
257(25)
59(18)
21(7.8)
al, 2015
Buchhave et
700(182)
326(157) 61.2(17.3)
al, 2012
Toledo et al,
200 - 1250
50 - 1250
10 - 150
2015
Vågberg et
187(94) - 693(568al, 2015
1239)
Zetterberg et
1047(809-1265)
al, 2016
Bridel et al,
64 - 4000
2019
Abbreviations: Aβ, amyloid beta; AGM, African green monkey; NFL, neurofilament light; pTau,
phosphorylated tau Thr181; tTau, total tau.

4.3 Future directions: CSF biomarkers
While we chose to investigate Aβ, tau, and NFL biomarkers in NHPs to represent
baseline measures for a variety of disorders, other biomarkers related to neurodegeneration could
also be analyzed. Synaptic dysfunction occurs in several neurodegenerative disorders, and
molecular biomarkers related to this may be of interest. Recently, increased levels of CSF
neurogranin (Ng), a neuron-specific post synaptic protein abundantly expressed in the
hippocampus and cortex, have been found in AD patients26–29. Ng is thought to be involved in
synaptic plasticity and long-term potentiation through binding and regulating calmodulin, which
is why it is of particular interest as a cognitive biomarker26. However, increased Ng was only
found in AD, with conflicting reports of both increased and decreased Ng in Parkinson’s
disease28,30,31, and no alterations in Huntington’s disease32. Therefore, including Ng in our panel
of colony control CSF biomarkers may be useful for developing NHP models of AD and aging.
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In addition to synaptic dysfunction, neuroinflammation is also a common feature in many
neurodegenerative disorders. For example, chitinase-3-like-1 (YKL-40), a glycoprotein expressed
by astrocytes and microglia, has been studied in a variety of disorders such as traumatic brain
injury, MS, AD, and Parkinson’s disease29,33–37. Increased levels of YKL-40 have been found in
these disorders, indicating abnormal glial activation.
Finally, it has also been suggested that the CSF Aβ42/Aβ40 ratio has better predictive
value for AD when used in combination with other biomarkers38–42. The Aβ42/Aβ40 ratio may
allow for better diagnostic performance because it can account for inconsistences in sample
handling, as Aβ42 adsorption can occur during aliquoting of samples43. It has also been proposed
to control for effects in patients with low and high Aβ load44. By analyzing additional CSF
biomarkers in naïve, healthy NHPs, we could create additional reference values for use with a
variety of NHP models.

4.4 Future directions: Lumbar ports
In Chapter 3 we briefly mentioned the use of a minimally invasive lumbar port45. Lumbar
ports are an important refinement to collecting CSF and gives rise to several future experiments.
While the lumbar port requires an initial anaesthetic event for the surgical procedure, following
this, CSF can be collected in awake, behaving NHPs. Thus, any confounds including anaesthetic
are removed. NHPs can be trained to present the port in their home-cage or while seated in a
primate chair which also reduces stressful events. This allows for both acute and chronic
sampling of CSF. Recently, the association of Aβ and circadian rhythms have been investigated
in AD46–51. Diurnal patterns have been observed in Aβ, fluctuating with the sleep-wake cycle.
Using a lumbar port would give us the opportunity to investigate this, as samples could be
collected throughout the day. It would give us an important insight into the effect of anaesthetic
and time of sample collection.
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4.5 Future directions: Blood based biomarkers
While CSF biomarkers have been established in multiple neurodegenerative disorders
and can be used as screening tools, obtaining CSF through an LP is invasive and complications
such as headaches can occur52. It also requires a skilled technician and the availability to process
and store samples, which can increase the overall cost of performing the LP. Additionally,
acquiring samples can be difficult in obese patients53,54, when spinal stenosis is present, and can
lead to blood contamination. Therefore, a non-invasive and inexpensive test would be ideal.
Blood based biomarkers in plasma and serum afford this opportunity, but not without their own
set of complications.
Brain derived biomarkers are often found in very low concentrations in the blood due to
lack of transportation across the blood-brain barrier. Additional processing steps are often
required as confounding materials such as red and white blood cells, platelets, and other proteins
can interfere with the assays55. Further, proteolytic degradation of these biomarkers may also
occur, which in turn can lead to false concentrations in the sample. However, collecting blood
samples from patients is much easier, and provides a tantalizing way to investigate molecular
biomarkers via less invasive means. Therefore, sensitive and specific assays are required. An
emerging technology, single-molecular array (SIMOA), has allowed for ultrasensitive
quantifications of Aβ, tau, and NFL biomarkers56–59. While these blood biomarkers are still being
validated for clinical use, they represent the potential to move towards a more non-invasive
diagnostic test.
Moving forward, plasma and serum samples from the NHP colony could be analyzed for
Aβ, tau, and NFL biomarkers. This would allow us to characterize their levels in healthy, naïve
animals to use as reference values before using them in NHP models of disease. It would also
allow us to investigate correlations between CSF and blood biomarkers in NHPs, and if there are
species, sex, and age differences in blood biomarkers. As mentioned previously, we could
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analyze NFL in plasma when performing repeated LPs to see if increased NFL is found in both
the CSF and blood. Combining various biomarker platforms when validating NHP models of
disease can facilitate a better understanding of underlying mechanisms of pathogenesis.
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Cerebrospinal fluid tau, neurogranin, and
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Abstract
Cerebrospinal fluid (CSF) tau (total tau, T-tau), neurofilament light
(NFL), and neurogranin (Ng) are potential biomarkers for neurodegeneration in Alzheimer’s disease (AD). It is unknown whether
these biomarkers provide similar or complementary information in
AD. We examined 93 patients with AD, 187 patients with mild
cognitive impairment, and 109 controls. T-tau, Ng, and NFL were
all predictors of AD diagnosis. Combinations improved the diagnostic accuracy (AUC 85.5% for T-tau, Ng, and NFL) compared to
individual biomarkers (T-tau 80.8%; Ng 71.4%; NFL 77.7%). T-tau
and Ng were highly correlated (q = 0.79, P < 0.001) and strongly
associated with b-amyloid (Ab) pathology, and with longitudinal
deterioration in cognition and brain structure, primarily in people
with Ab pathology. NFL on the other hand was not associated with
Ab pathology and was associated with cognitive decline and brain
atrophy independent of Ab. T-tau, Ng, and NFL provide partly independent information about neuronal injury and may be combined
to improve the diagnostic accuracy for AD. T-tau and Ng reflect
Ab-dependent neurodegeneration, while NFL reflects neurodegeneration independently of Ab pathology.
Keywords Alzheimer’s; biomarker; CSF; neurodegeneration
Subject Categories Biomarkers & Diagnostic Imaging; Neuroscience
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EMBO Mol Med (2016) 8: 1184–1196
See also: CE Teunissen & L Parnetti (October 2016)

Introduction
Alzheimer’s disease (AD) is a progressive disease characterized
by accumulation of amyloid b (Ab) and tau pathologies,

neurodegeneration, and cognitive and functional decline. Biomarkers, including cerebrospinal fluid (CSF) measurements, may
quantify AD-related brain changes in vivo, which has revolutionized
research, clinical trial design, and clinical practice (Mattsson et al,
2015a). CSF total tau (T-tau) is a well-studied biomarker, which is
increased in neuronal degeneration (Blennow et al, 2006) and in AD
patients already in early clinical stages (Mattsson et al, 2009; Albert
et al, 2011; McKhann et al, 2011; Sperling et al, 2011; Dubois et al,
2014). CSF neurogranin (Ng) and neurofilament light (NFL) are two
other biomarkers that have recently been suggested to measure
neurodegeneration in AD. Ng is a post-synaptic protein (Gerendasy
& Sutcliffe, 1997) and a putative marker of synaptic loss in AD
(Portelius et al, 2015), an event which may be closely linked to
development of cognitive decline (Portelius et al, 2015). CSF Ng is
increased in AD compared to other dementias (Janelidze et al, 2016;
Wellington et al, 2016), already in early clinical stages (Kvartsberg
et al, 2015; Tarawneh et al, 2016). CSF Ng is also associated with
brain atrophy (Portelius et al, 2015; Tarawneh et al, 2016) and
reduced brain glucose uptake (Portelius et al, 2015). NFL is a putative marker of subcortical large-caliber axonal degeneration, and
increased CSF NFL has been linked to inflammatory diseases
(Christensen et al, 2013) and frontotemporal lobe dementia (Petzold
et al, 2007). But CSF NFL is also relevant in AD (Zetterberg et al,
2016) since AD not only involves loss of cortical structures but also
white matter injury (Migliaccio et al, 2012) and disconnection of
cortical and subcortical regions (Delbeuck et al, 2003).
It is unknown whether T-tau, Ng, and NFL provide independent
information about AD and whether measuring Ng or NFL in addition to T-tau improves the diagnostic accuracy for AD. The aim of
this study was therefore to compare T-tau, Ng, and NFL for AD
diagnosis and test their associations with other AD hallmarks.
Specifically, we tested the hypotheses that (i) combinations of
T-tau, Ng, and NFL increase the diagnostic accuracy for AD versus
controls (CN) and for progressive mild cognitive impairment
(PMCI) versus stable MCI (SMCI); (ii) T-tau, Ng, and NFL have
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different associations with Ab pathology and with different clinical
stages of AD; and (iii) T-tau, Ng, and NFL have different associations with other AD features, including cognitive decline, brain
atrophy, brain hypometabolism, and white matter hyperintensities
(WMH).

Correlations between CSF T-tau, Ng, and NFL
T-tau, Ng, and NFL were all correlated (Fig 1A–C), and the correlation between T-tau and Ng was especially strong. T-tau, Ng, and
NFL correlated negatively with Ab42 (Fig 1D–F).

Results
The study included 93 patients with AD, 187 patients with MCI, and
109 controls (Table 1). For some analyses, we contrasted PMCI
(N = 104) versus SMCI (N = 65, Table 2).
Demographics
T-tau and Ng were higher in females than in males (T-tau: median
90 ng/l versus 80 ng/l, P = 0.036; Ng: 467 ng/l versus 374 ng/l,
P = 0.0024), while NFL was higher in males (7.22 versus 7.04 [log]
ng/l, P < 0.001). T-tau and Ng were higher in APOE e4+ than in
APOE e4 participants (T-tau: 103 ng/l versus 69 ng/l, P < 0.001;
Ng: 491 ng/l versus 343 ng/l, P < 0.001), while NFL did not differ
by APOE e4 status (7.16 versus 7.09 [log] ng/l, P = 0.15). NFL was
higher (q = 0.32, P < 0.001) and Ng was lower (q = 0.13,
P = 0.013) in older people, while T-tau (q = 0.0092, P = 0.86) did
not vary with age. Likewise, NFL was higher (q = 0.10, P = 0.040)
and Ng was lower (q = 0.13, P = 0.0089) in people with higher

Table 1. Demographics.
CN

MCI

AD

P-value

N

109

187

93

NA

Age (years)

75.7 (5.2)

74.5 (7.5)

74.7 (8.0)

0.33

Sex (F/M, % F)

54/55 (50%)

62/125 (33%)

41/52 (44%)

0.015

APOE e4
(+/ , % +)

26/83 (24%)

100/87 (54%)

65/28 (70%)

0.001

Education
(years)

15.8 (2.9)

15.8 (3.0)

15.1 (3.2)

0.25

Continuous data are mean (standard deviation). P-values tested by Fisher’s
exact and Kruskal–Wallis test. CN, healthy controls; MCI, mild cognitive
impairment; AD, Alzheimer’s disease dementia.

Table 2. MCI demographics.
SMCI

PMCI

P-value

N

65

104

NA

Age

73. 9 (7.4)

74.5 (7.6)

0.44

Sex (F/M, % F)

21/44 (32%)

37/67 (36%)

0.74

APOE e4 (+/ , % +)

28/37 (43%)

63/41 (61%)

0.039

Education (years)

16.0 (3.0)

15.9 (3.0)

0.52

Clinical follow-up
(years)

4.5 (2.4)

4.4 (2.5)

0.22

Continuous data are mean (standard deviation). Note that the total number
differs from the complete MCI cohort. For the SMCI versus PMCI comparisons
we only included SMCI subjects with at least 2 years of follow-up. P-values
tested by Fisher’s exact test and Mann–Whitney U-test. SMCI, stable mild
cognitive impairment; PMCI, progressive mild cognitive impairment.
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education, while T-tau had no correlation with education
(q = 0.072, P = 0.16).

Diagnostic accuracy of CSF T-tau, Ng, and NFL
We tested accuracies for AD dementia versus CN and for PMCI
versus SMCI using logistic regression models (Table 3). T-tau,
Ng, and NFL were all significant predictors of AD. For single
predictors, T-tau had the highest accuracy, followed by NFL and
Ng. The model with the highest accuracy used all biomarkers
together (AUC 85.5%). For PMCI versus SMCI, T-tau and Ng, but
not NFL, were significant individual predictors. No combination
had higher AUC than the model using only T-tau. We also evaluated models adjusted for demographics (age, sex, and education)
and demographics plus Ab42 (Table EV1). These models had
higher AUCs than the basic models without covariates, but the
overall results and relationship between the different models
were similar.
We noted that there was a special relationship between T-tau
and Ng, so that when Ng was adjusted for T-tau, the effect of Ng on
AD diagnosis often changed from positive to negative (for example,
from b = 0.85 to b = 0.56, Table 1). When adjusting for other
covariates, this inversed effect of Ng was statistically significant,
indicating that low Ng was associated with AD when the models
were adjusted for T-tau (Table EV1).
Biomarker combinations for classification of
patients and controls
We extracted classification tables from the logistic regression
models generated above, based on a threshold of 50% for the
predicted probability of the logistic regression models. The results
are summarized in Table 4. T-tau correctly classified 59 of 93 AD
and 90 of 109 CN. Adding Ng improved the classification of CN to
93 of 109, without changing the classification of AD. In contrast,
adding NFL improved the classification of AD to 61 of 93 but worsened the classification of CN to 87 of 109. Adding both Ng and NFL
improved the classification of both AD (66 of 93, a relative increase
of 12% from 59 of 93) and only slighly affected the classification of
CN (89 of 109 CN). When also adjusting for age, sex, and Ab42,
NFL had the highest correct classification rate (correctly classifying
79 of 93 AD and 93 of 109 CN), and there was no improvement
when combining biomarkers. For PMCI versus SMCI, all models had
high correct classification of PMCI and poor classification of SMCI.
Adjusting for age, sex, and Ab42 greatly improved classification of
SMCI.
CSF T-tau, Ng, and NFL across clinical diagnoses and
Ab pathology
For the next set of analyses, participants were grouped based on the
combination of clinical diagnosis and Ab pathology (CN Ab ,
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Figure 1. Biomarker correlations.
A–F Associations between CSF T-tau, Ng, and NFL (panels A–C) and between these biomarkers and CSF Ab42 (panels D–F). Black circles: CN (n = 109), red triangles: MCI
(n = 187), blue crosses: AD (n = 93). Associations are shown for Spearman correlations. Ab42 and T-tau were measured using the INNOBIA AlzBio3 kit (Fujirebio,
Ghent, Belgium), Ng was measured using an in-house immunoassay for Ng (Portelius et al, 2015) and NFL was measured using the NF-light® ELISA kit (Uman
Diagnostics, Umeå, Sweden).

N = 69; CN Ab+, N = 40; MCI Ab , N = 50; MCI Ab+, N = 137;
AD Ab , N = 8; AD Ab+, N = 85). We performed different comparisons
of CSF biomarkers between these groups. All models were adjusted
for age and sex.
We first compared CSF biomarkers between Ab-positive and
Ab-negative people within diagnosis (Fig 2 and upper part of
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Table 5). Ab positivity was associated with increased T-tau in all
diagnostic groups and with increased Ng in MCI, but never with NFL.
We next compared CSF biomarkers between CN Ab and all
other combinations of diagnosis and Ab pathology. These comparisons were based on the theory that AD progresses from CN Ab to
CN Ab+, MCI Ab+, and finally AD Ab+, while non-Ab-dependent
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Table 3. Diagnostic accuracy of CSF biomarkers.
Groups

Model

T-tau

Ng

AD versus
CN

T-tau only

1.61 (< 0.001)

Ng only

NFL

0.85 (< 0.001)

NFL only
2.11 (< 0.001)

T-tau & NFL

1.33 (< 0.001)

T-tau & Ng & NFL

1.80 (< 0.001)

T-tau only

0.56 (0.0035)

Ng only

0.52 (0.11)

228.9

0.98 (< 0.001)

84.9a,b,c (79.8–89.8)

198.1

1.19 (< 0.001)

80.6b,c,e (74.7–86.2)

219.7

0.99 (< 0.001)

0.52 (0.0082)

Ng & NFL
0.49 (0.10)

(80.6–90.6)

0.028 (0.92)

197.4
219.2

60.4 (50.6–68.8)

223.9

58.9 (48.8–68.0)

225.6

68.2b (58.4–76.2)

221.2

0.20 (0.23)

67.5b,c (58.1–76.0)

219.7

0.30 (0.076)

63.0 (54.2–72.3)

222.5

0.046 (0.86)

0.38 (0.29)

T-tau & Ng & NFL

85.5

a–f

a

0.32 (0.069)

T-tau & NFL

254.7

215.0

0.39 (0.027)

0.60 (0.038)

216.3

71.4a (64.1–77.9)

67.7 (58.6–75.2)

NFL only
T-tau & Ng

80.8 (74.3–86.4)

77.7 (71.4–83.8)

0.56 (0.074)

0.61 (0.0016)

AIC

81.4b (75.2–87.3)

1.38 (< 0.001)

T-tau & Ng

Ng & NFL

PMCI versus
SMCI

AUC (95% CI)

b,c

0.21 (0.23)

67.3

(59.0–76.5)

221.7

A separate logistic regression model was fit for each combination of neurodegeneration biomarkers in AD dementia versus CN and in PMCI versus SMCI. The
table includes coefficients (log odds) with P-values, AUC, and AIC. For AUC, the letters a-f indicate significant differences (P < 0.05, tested by bootstrap) versus
other models: T-tau (a), Ng (b), NFL (c), T-tau & Ng (d), T-tau & NFL (e), Ng & NFL (f). Bold values indicate significant associations. AD, Alzheimer’s disease
dementia; AIC, Akaike information criterion; AUC; area under the receiver operating characteristic curve; CN, healthy controls; PMCI, progressive mild cognitive
impairment; SMCI, stable mild cognitive impairment.

Table 4. Classification tables.
AD versus CN

Biomarkers

PMCI versus SMCI

Correct
overall, %

Correct
AD

Correct
CN

Correct
overall, %

Correct
PMCI

Correct
SMCI

No covariates
T-tau only

73.8

59/93

90/109

68.0

95/104

20/65

Ng only

66.3

46/93

88/109

63.9

98/104

10/65

NFL only

72.3

60/93

86/109

64.5

102/104

7/65

T-tau & Ng

75.2

59/93

93/109

68.6

96/104

20/65

T-tau & NFL

73.3

61/93

87/109

69.8

96/104

22/65

Ng & NFL

70.8

59/93

84/109

65.1

95/104

15/65

T-tau & Ng & NFL

76.7

66/93

89/109

69.8

96/104

22/65

Adjusted for age, sex, education, and Ab42
T-tau only

81.7

73/93

92/109

72.7

90/104

33/65

Ng only

75.7

72/93

81/109

71.6

90/104

31/65

NFL only

85.1

79/93

93/109

73.4

93/104

31/65

T-tau & Ng

80.7

74/93

89/109

72.8

90/104

33/65

T-tau & NFL

84.7

78/93

93/109

73.4

93/104

31/65

Ng & NFL

84.7

79/93

92/109

71.0

89/104

31/65

T-tau & Ng & NFL

84.7

78/93

93/109

72.1

91/104

31/65

Classification tables from logistic regression models using a threshold of 50% for predicted probabilities. AD, Alzheimer’s disease dementia; CN, healthy controls;
PMCI, progressive mild cognitive impairment; SMCI, stable mild cognitive impairment.

cognitive decline may progress from CN Ab to MCI Ab and AD
Ab (we consider these AD Ab cases to be clinically misdiagnosed). Compared to CN Ab , T-tau was increased in CN Ab+, MCI
Ab+, and AD Ab+, while Ng was increased in MCI Ab+ and AD

ª 2016 The Authors

Ab+. In contrast, NFL was increased in all groups with cognitive
decline (MCI Ab+, AD Ab+, MCI Ab , and AD Ab ).
Finally, we compared the strengths of the associations
between CSF biomarkers with different combinations of diagnosis
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Figure 2. Biomarkers by diagnosis and amyloid pathology.
A–C CSF T-tau (panel A), Ng (panel B) and NFL (panel C) in different combinations of clinical diagnosis and Ab pathology (CN Ab , n = 69; CN Ab+, n = 40; MCI Ab ,
n = 50; MCI Ab+, n = 137; AD Ab , n = 8; AD Ab+, n = 85) (see Table 5 for comparisons between groups). Biomarker levels are standardized to z-scores and shown
in box plots (indicating median and interquartile ranges; whiskers are defined as quartiles 1 and 3  1.5 × interquartile range, respectively). Ab42 and T-tau were
measured using the INNOBIA AlzBio3 kit (Fujirebio, Ghent, Belgium), Ng was measured using an in-house immunoassay for Ng (Portelius et al, 2015), and NFL was
measured using the NF-light® ELISA kit (Uman Diagnostics, Umeå, Sweden). Ab was defined as CSF Ab42 < 192 ng/l.

Table 5. Associations between biomarkers, clinical diagnosis and amyloid pathology.
Comparison

CSF T-tau

CSF Ng

Difference
T-tau versus Ng

CSF NFL

Difference
T-tau versus NFL

Difference
Ng versus NFL

Associations between neurodegeneration biomarkers and Ab pathology within diagnostic group
CN Ab versus CN Ab+
MCI Ab versus MCI Ab

+

AD Ab versus AD Ab+

0.528 (0.0069)

0.332 (0.087)

0.102 (0.60)

0.197 (0.32)

0.426 (0.031)

0.229 (0.24)

0.824 (< 0.001)

0.727 (< 0.001)

0.00778 (0.96)

0.0970 (0.61)

0.816 (< 0.001)

0.719 (0.00015)

0.789 (0.040)

0.618 (0.11)

0.171 (0.67)

1.420 (0.00057)

1.249 (0.0024)

0.632 (0.098)

Associations between neurodegeneration biomarkers and combinations of clinical diagnosis and Ab pathology
CN Ab versus CN Ab+

0.528 (0.0069)

0.332 (0.087)

0.102 (0.60)

0.197 (0.32)

0.426 (0.031)

0.229 (0.24)

CN Ab versus MCI Ab+

0.916 (< 0.001)

0.816 (< 0.001)

0.798 (< 0.001)

0.100 (0.52)

0.119 (0.45)

0.0185 (0.91)

0.312 (0.045)

0.199 (0.20)

0.113 (0.47)

CN Ab versus AD Ab

+

1.172 (< 0.001)

0.860 (< 0.001)

0.973 (< 0.001)

CN Ab versus MCI Ab

0.119 (0.51)

0.120 (0.51)

0.633 (0.00067)

CN Ab versus AD Ab

0.494 (0.18)

0.0564 (0.88)

1.40 (0.00028)

0.00141 (0.99)
0.438 (0.24)

0.514 (0.014)

0.513 (0.015)

0.909 (0.016)

1.35 (0.00040)

Results for comparisons between different combinations of clinical diagnosis and Ab pathology (CN Ab , n = 69; CN Ab+, n = 40; MCI Ab , n = 50; MCI Ab+,
n = 137; AD Ab , n = 8; AD Ab+, n = 85) from linear mixed-effects models testing effects of Ab within diagnostic groups (top 3 rows), and differences between
Ab CN and other combinations of Ab and diagnosis (bottom 5 rows). The data correspond to Fig 2. Results are b-coefficient (P-value). For example, in the top row
(“CN Ab versus CN Ab+”), the effect of T-tau indicates that CN Ab+ was significantly associated with 0.528 standard deviations higher levels of T-tau. The
columns marked “difference” test whether the comparison differed between two biomarkers. For example, in the top row (“CN Ab versus CN Ab+”), the
difference for T-tau versus NFL indicates that CN Ab+ was significantly more associated with T-tau than with NFL. Bold values indicate significant associations.
CN, healthy controls; MCI, mild cognitive impairment; AD, Alzheimer’s disease dementia.

and Ab pathology. When comparing them head-to-head, T-tau
and Ng had similar strengths of associations with all groups
(shown in Table 5 as non-significant differences for T-tau and
Ng). The only exception was that T-tau was more strongly associated with AD Ab+ (i.e., the difference between CN Ab and
AD Ab+ was larger for T-tau than for Ng; b = 0.312, P = 0.045).
NFL differed markedly from T-tau and Ng and was more strongly
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associated with MCI Ab
(Fig 2 and Table 5).

and AD Ab

than T-tau and Ng were

Associations with cognition, MRI, and FDG-PET measures
Finally, we tested associations between biomarkers and cognition,
brain structure, brain metabolism, and WMH. Baseline data are
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Figure 3. Baseline associations between CSF T-tau, Ng, and NFL and other AD traits.
A–F Data are estimates (b-coefficients) from linear mixed-effects models, with 95% confidence intervals. The estimates are the main effects of the biomarkers,
capturing the effects at study baseline. Effects were significant (*) for MMSE (A): T-tau (P = 0.034) and NFL (P < 0.0001) in Ab for ADAS-cog (B): NFL in Ab
(P = 0.0013) and Ab+ (P = 0.024); for hippocampal volume (C): NFL in Ab (P < 0.0001); for lateral ventricles (D): T-tau (P = 0.0019), Ng (P = 0.00092), and NFL
(P = 0.0024) in Ab and T-tau (P = 0.00083) and Ng (P < 0.0001) in Ab+ and for FDG-PET (E): NFL in Ab (P = 0.046) and Ab+ (P = 0.0041) people. Biomarkers
and outcomes were standardized to z-scores. Note that the y-axes for ADAS-cog, ventricle size, and WMH are flipped, so that the lower ranges constantly
reflect “worse” outcomes. Note also that the range of the y-axes differs for the different outcomes, for visualization purposes. Models were adjusted for age and
sex, and education (for cognitive measures), and intracranial volume (for MRI measures). Ab42 and T-tau were measured using the INNOBIA AlzBio3 kit
(Fujirebio, Ghent, Belgium), Ng was measured using an in-house immunoassay for Ng (Portelius et al, 2015), and NFL was measured using the NF-light® ELISA
kit (Uman Diagnostics, Umeå, Sweden).

shown in Fig 3, and longitudinal data are shown in Fig 4. The
models were adjusted for age, sex, and education (for cognitive
measures) and intracranial volume (for MRI measures).
At baseline, high T-tau was associated with poor cognition in
Ab . A detailed analysis suggested that this association was driven
by the AD Ab individuals (i.e. subjects with a clinical diagnosis of
AD but without evidence of Ab pathology, not shown). T-tau was
surprisingly associated with smaller ventricular volumes in both
Ab and Ab+. Over time, high T-tau was associated with worsening
cognition (MMSE in Ab and Ab+, ADAS-cog in Ab+), hippocampal
atrophy, and hypometabolism (in Ab+). Ng was associated
with smaller baseline ventricles in both Ab and Ab+, with
worsening cognition, hippocampal atrophy, and hypometabolism
over time in Ab+, and with slightly slower expansion of ventricle
volume in Ab .
To explore the unexpected associations between high T-tau and
Ng and small baseline ventricles, we performed post hoc analyses
within diagnostic subgroups (using ordinary linear regression,
adjusted for intracranial volume, age, and sex). We found significant associations between high T-tau and small baseline ventricles
in CN Ab (b = 0.25, P = 0.016) and MCI Ab+ (b = 0.18,
P = 0.0064) and between high Ng and small baseline ventricles in
MCI Ab (b = 0.39, P = 0.0020) and MCI Ab+ (b = 0.26,
P = 0.0012). Even in groups where the associations were not significant, the highest T-tau and Ng levels were constantly seen in
subjects with small baseline ventricles, and subjects with large baseline ventricles had low T-tau and Ng (Figs EV1 and EV2).
NFL had markedly different patterns of association compared to
T-tau and Ng. At baseline, high NFL was associated with worse
cognition, smaller hippocampal volumes, larger ventricles and
lower FDG-PET in both Ab and Ab+ people (the effects were strongest in Ab ). Over time, NFL was associated with worsening cognition (Ab and Ab+), acceleration of hippocampal atrophy (Ab ),
and expansion of ventricles (Ab and Ab+).

Discussion
We compared CSF T-tau, NFL, and Ng, which are all putative
biomarkers for neurodegeneration in AD. The main findings were
that (i) combining biomarkers improved the diagnostic accuracy for
AD versus CN compared to using individual biomarkers; (ii) T-tau
and Ng were highly correlated and associated with Ab pathology
across clinical stages of AD, while NFL correlated with cognitive
decline independent of Ab pathology; and (iii) T-tau and Ng were
associated with acceleration of cognitive decline, atrophy, and hypometabolism primarily in the presence of Ab pathology, while NFL
was associated with decline independent of Ab pathology. In sum,
our results support that CSF T-tau and Ng reflect neurodegeneration
in AD, while NFL reflects neurodegeneration independent of AD.
Combinations of these biomarkers provide partly complimentary
information about diagnosis and pathology in people with cognitive
decline.
The first main finding was that all biomarkers identified AD
versus controls, and combinations improved the diagnostic accuracy
compared to using individual biomarkers. The triple combination of
T-tau, Ng, and NFL had the highest AUC, but the increase was small
compared to the combination of T-tau and NFL. However, although
combinations of biomarkers significantly increased the accuracy
measured by AUC, the biomarker combinations tested here only
had modest effects on the proportion of correctly classified people,
especially when also adjusting the models for demographics and
CSF Ab42. For PMCI versus SMCI, T-tau and Ng, but not NFL, were
significant predictors and no combination was significantly better
than T-tau alone. We expected the biomarkers to be less accurate in
MCI than in AD dementia, since some SMCI subjects may have
non-AD diseases (e.g., vascular disease or non-AD tauopathies)
reducing the specificity of the biomarkers.
The fact that NFL had high accuracy for AD is in line with several
studies showing increased CSF levels of neurofilaments in AD

Figure 4. Longitudinal associations between CSF T-tau, Ng, and NFL and other AD traits.
A–F Data are estimates (b-coefficients) from linear mixed-effects models, with 95% confidence intervals. The estimates are the effect of time plus the biomarker by
time interactions, capturing the longitudinal effects of the biomarkers. For each model, the “average” effect of time is also shown for comparison. Effects were
significant (*), meaning that biomarker levels affected the slopes of the outcome, for MMSE (A): T-tau (P = 0.021) and NFL (P < 0.0001) in Ab and for T-tau
(P < 0.0001), Ng (P = 0.0031) and NFL (P < 0.0001) in Ab+ for ADAS-cog (B): NFL in Ab (P < 0.0001) and for T-tau (P < 0.0001), Ng (P = 0.0015) and NFL
(P = 0.0027) in Ab+ for hippocampal volume (C): NFL in Ab (P = 0.0048) and for T-tau (P = 0.0015) and Ng (P = 0.0027) in Ab+ for lateral ventricles (D): Ng
(P = 0.0051) and NFL (P < 0.0001) in Ab and NFL (P < 0.0001) in Ab+; and for FDG-PET (E): T-tau (P = 0.00038) and Ng (P = 0.0019) in Ab+ people. Biomarkers
and outcomes were standardized to z-scores. Note that the y-axes for ADAS-cog, ventricle size, and WMH are flipped, so that the lower ranges constantly
reflect “worse” outcomes. Note also that the range of the y-axes differs for the different outcomes, for visualization purposes. Models were adjusted for age and
sex, and education (for cognitive measures), and intracranial volume (for MRI measures). Ab42 and T-tau were measured using the INNOBIA AlzBio3 kit
(Fujirebio, Ghent, Belgium), Ng was measured using an in-house immunoassay for Ng (Portelius et al, 2015), and NFL was measured using the NF-light® ELISA
kit (Uman Diagnostics, Umeå, Sweden).
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(Rosengren et al, 1999; Sjögren et al, 2001; Hu et al, 2002;
Zetterberg et al, 2016). However, NFL is also increased in other
neurological conditions, including inflammatory diseases (Mattsson
et al, 2010; Christensen et al, 2013), Creutzfeldt-Jakob disease (van
Eijk et al, 2010), acute neuronal ischemia (Merisson et al, 2016),
subcortical vascular dementia (Skillbäck et al, 2014), atypical
parkinsonian disorders (Hall et al, 2012), and frontotemporal lobe
dementia (FTD) (Petzold et al, 2007; Pijnenburg et al, 2007;
Landqvist Waldo et al, 2013) where levels correlate with disease
severity (Scherling et al, 2014). More work is needed to scrutinize
CSF NFL in biomarker algorithms for differential diagnostics (de
Jong et al, 2007).
The next main finding was that T-tau and Ng were strongly
associated with Ab pathology and more advanced clinical stages of
AD. Specifically, T-tau and Ng were associated with Ab pathology
within diagnostic groups and with increased levels in CN Ab+,
MCI Ab+, and AD Ab+ compared to CN Ab . This links T-tau
and Ng to Ab-pathology and shows that this association is
present at all clinical stages of AD, including the prodromal and
preclinical stages (Dubois et al, 2016), which is in line with other
recent reports on Ng in other cohorts (Hellwig et al, 2015;
Tarawneh et al, 2016). In contrast, NFL was not associated with
Ab-pathology within diagnostic groups and was increased also in
MCI Ab and AD Ab participants compared to CN Ab . This
shows that CSF NFL is a non-specific marker of injury, which is
not primarily related to AD. This is consistent with previous
reports on increased CSF NFL in different neurological conditions,
as explained above.
The next finding was that the biomarkers had different relationships with different outcomes. T-tau and Ng primarily had
associations with deterioration in the presence of Ab pathology,
which was seen in longitudinal analyses of cognition, hippocampal
atrophy, and hypometabolism. In contrast, NFL had associations
with cognition, ventricular expansion, and hypometabolism in both
Ab and Ab+ people and with longitudinal hippocampal atrophy
only in Ab people. Taken together, these results are compatible
with a model where non-Ab and non-tau pathologies (which may
include vascular pathology, TDP-43, Lewy bodies and other pathologies) are associated with high NFL levels, expansion of ventricles,
and some degree of hippocampal atrophy at baseline, but the
progressive hippocampal volume loss seen in people harboring Ab
pathology is independent of NFL and is instead reflected by
increased CSF levels of T-tau and Ng.
Unexpectedly, we found negative associations between T-tau
and Ng and ventricle size at baseline. One possible interpretation of
this is that T-tau and Ng not only reflect neuronal injury, but may
also be related to normal neuronal function or transmission, hypothetically resulting in a relationship between high biomarker levels
and small ventricle volume. Another unexpected finding was that
when we combined T-tau and Ng in one model for AD diagnosis,
the sign for Ng (but not T-tau) was reversed compared to when it
was used alone (Table 3). This indicates that when Ng is used
alone to predict AD, high levels are associated with disease, but
when it is adjusted for T-tau, low levels are associated with disease.
This finding fits with our speculation that Ng partly reflects normal
neuronal function. More in-depth studies are needed to clarify
mechanisms affecting CSF Ng levels in contrast to CSF T-tau. One
recent study found that Ng increases over time in cognitively
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normal people (Kester et al, 2015). The reason for this is unknown,
but further longitudinal studies will be important to clarify the role
of these biomarkers.
Several recent studies on Ng in AD have been published by us
and other groups (Portelius et al, 2015; Tarawneh et al, 2016;
Wellington et al, 2016). Compared to these, our study is novel by
simultaneously investigating CSF T-tau, Ng, and NFL and by testing whether these biomarkers provide independent information
about AD diagnosis and brain changes associated with AD in
several different clinical stages of the disease. However, our study
is not without limitations. We did not include non-AD neurodegenerative diseases, and we did not include neuropathology data.
For the comparison between PMCI and SMCI, we only included
SMCI subjects who were stable for at least 2 years to reduce the
number of subjects erroneously classified as stable. However, it is
possible that some SMCI subjects would have progressed to AD
dementia with longer follow-up. A final limitation is that we used
a fixed cut-point of CSF Ab42 (192 ng/l) to test the effects of
brain Ab pathology, although it is possible that there may be
subtle effects of emerging Ab pathology in subjects with slightly
higher CSF Ab42 levels (Mattsson et al, 2014, 2015b; Insel et al,
2015, 2016).
T-tau, NFL, and Ng contribute independent information in characterization of CN, MCI, and AD. Combinations of these biomarkers, particularly T-tau and NFL, may increase the diagnostic
accuracy of AD. T-tau and Ng are closely associated with Ab
pathology at all clinical stages of AD. The independent roles of Ng
and T-tau need further clarification. In contrast to T-tau and Ng,
NFL reflects neurodegeneration that is not associated with Ab
pathology. Future studies may explore whether CSF T-tau, Ng, and
NFL respond differently to successful disease-modifying treatment
against AD.

Materials and Methods
ADNI study design
Data were obtained from the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) database (adni.loni.usc.edu). The principal investigator of this initiative is Michael W. Weiner, MD, VA Medical Center
and University of California, San Francisco. ADNI subjects have
been recruited from over 50 sites across the USA and Canada (for
up-to-date information, see http://www.adni-info.org). Regional
ethical committees of all institutions approved of the study. All
subjects provided informed consent.
ADNI subjects
We included all CN, MCI, and AD dementia subjects with available
T-tau, NFL, and Ng data. Inclusion/exclusion criteria are described
at http://www.adni-info.org. Briefly, all subjects included were
between the ages of 55 and 90 years, had completed at least
6 years of education, were fluent in Spanish or English, and were
free of any significant neurological disease other than AD. CN had
Mini Mental State Examination (MMSE) score ≥ 24 and Clinical
Dementia Rating (CDR) score 0. MCI had MMSE score ≥ 24, objective memory loss as shown on scores on delayed recall of the
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Wechsler Memory Scale Logical Memory II (> 1 standard deviations below the normal mean), CDR 0.5, preserved activities of
daily living, and absence of dementia. AD dementia patients fulfilled the National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) criteria for probable AD
(McKhann et al, 1984) and had MMSE 20–26 and CDR 0.5–1.0. For
some analyses, we contrasted PMCI versus SMCI. We defined PMCI
as MCI subjects converting to AD dementia anytime during followup and SMCI as MCI subjects not converting to AD dementia
during at least 2 year of follow-up.
CSF measurements
CSF procedures have been described previously (Shaw et al, 2009).
Ab42, T-tau, and P-tau were measured at the ADNI biomarker core
(University of Pennsylvania) using the multiplex xMAP Luminex
platform (Luminex Corp, Austin, TX, USA) with the INNOBIA
AlzBio3 kit (Fujirebio, Ghent, Belgium). Ng and NFL were measured
at the Clinical Neurochemistry Laboratory at University of Gothenburg, Mölndal, Sweden, using an in-house immunoassay for Ng
(Portelius et al, 2015) and a commercial ELISA for NFL (NF-light
ELISA, Uman Diagnostics, Umeå, Sweden) (Zetterberg et al, 2016).
We excluded two subjects who were significant outliers in Ng
measurements (CSF Ng > 2,000 ng/l).
Cognition
Cognition was assessed by MMSE and ADAS-Cog11 up to 13 times:
baseline and at 6, 12, 18, 24, 36, 48, 60, 72, 84, 96, 108, and
120 months after baseline.
Brain structure
Structural magnetic resonance imaging brain scans were acquired
using 1.5 Tesla MRI scanners up to nine times: baseline and at 6,
12, 18, 24, 36, 48, 60, and 72 months. We used a standardized
protocol including T1-weighted MRI scans using a sagittal volumetric magnetization prepared rapid gradient echo (MP-RAGE)
sequence (Jack et al, 2008). Automated volume measures were
performed with FreeSurfer. We used averaged volume measurements for the right and left hippocampi and combined volumes for
the lateral ventricles.
Brain metabolism
FDG-PET image data were acquired up to 11 times (baseline and at
6, 12, 18, 24, 36, 48, 60, 72, 84, and 96 months after baseline)
(Landau et al, 2012). We used mean FDG-PET counts of the lateral
and medial frontal, anterior, and posterior cingulate, lateral parietal,
and lateral temporal regions.
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Statistical analysis
Nonparametric tests (Kruskal–Wallis, Mann–Whitney U, and Spearman correlation) were used to test associations between biomarkers
and demographic factors. The main analyses consisted of 4 different
parts:
1
Diagnostic accuracies were tested in logistic regression
models separately for AD versus CN and PMCI versus SMCI.
All models were evaluated for significance of the included
biomarkers, overall diagnostic accuracy (area under the
receiver operator characteristics curve, AUC), and overall fit
penalized for the number of predictors (Akaike information
criterion, AIC). Differences between AUCs were calculated in
a bootstrap procedure with resampling (B = 1,000
iterations). We also tested models adjusted for age, sex,
education, and CSF Ab42. We extracted classification tables
from the logistic regression models to quantify correct classifications of AD, CN, PMCI, and SMCI, using a 50% threshold
of predicted probability.
2
We next tested the effects of Ab on biomarkers within diagnostic groups. We dichotomized each diagnostic group using a
previously established cutoff of CSF Ab42 (< 192 ng/l; Shaw
et al, 2009) and compared Ab versus Ab+. CSF biomarkers
were standardized and concatenated into a single response
vector, which was used as the dependent variable in linear
mixed-effects models. The independent variable was an interaction between Ab and a factor for biomarker type, adjusted
for both main effects, age, and sex. All models included a
random intercept. The interaction between Ab and biomarker
type is an estimate of the different effect of Ab in two different
CSF biomarkers.
3
We next tested the combination of diagnostic group and Ab
status as predictor (“group”). We hypothesized that AD
progresses from CN Ab to CN Ab+, MCI Ab+, and AD Ab+.
In this paradigm, MCI Ab and AD Ab represent non-AD
causes of cognitive decline (we consider the AD Ab cases
likely to be clinically misdiagnosed). We again used linear
mixed-effects model with concatenated CSF biomarker levels
as the response, and an interaction between “group” and a
factor for biomarker type as predictor (with CN Ab as the
reference group), adjusted for age and sex.
4
Finally, we tested CSF biomarkers as predictors of different AD
features, including MMSE, ADAS-cog, hippocampal volume,
ventricular volume, FDG-PET, and WMH. This was done with
longitudinal response data, using linear mixed-effects models.
The predictors were a biomarker by time (years) interaction,
age, sex, diagnosis (CN, MCI, and AD), and all main effects.
Cognition was also adjusted for education and volume
measures for intracranial volume. The models included
random intercepts and slopes and an unstructured covariance
matrix for the random effects. Models were tested separately
for Ab and Ab+ people.

White matter hyperintensities
White matter hyperintensities (WMH) were quantified up to
seven times (baseline and at 6, 12, 18, 24, 36, and 48 months
after baseline) using a fully automated protocol (Schwarz et al,
2009).
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NFL was used after logarithmic transformation. All continuous
variables were standardized (scaled and centered). b-coefficients
from regressions refer to standardized effects (b = 1 indicates that a
1 standard deviation increase in the tested biomarker was associated
with a 1 standard deviation increase in the dependent variable). We
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checked model assumptions by inspecting residuals (correlations
with fitted values and predictors of interest, histograms and q–q
plots). All tests were two sided. Significance was determined at
P < 0.05. All statistics were done using R (v. 3.2.3, The R Foundation for Statistical Computing).
Expanded View for this article is available online.
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