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Cerebrospinal fluid (CSF) neurofilament light (NfL) concentration has reproducibly been shown to reflect
neurodegeneration in brain disorders, including Alzheimer’s disease (AD). NfL concentration in blood
correlates with the corresponding CSF levels, but few studies have directly compared the reliability of
these 2 markers in sporadic AD. Herein, we measured plasma and CSF concentrations of NfL in 478
cognitively unimpaired (CU) subjects, 227 patients with mild cognitive impairment, and 113 patients
with AD dementia. We found that the concentration of NfL in CSF, but not in plasma, was increased in

i?i/}‘;\; ?rrg;,s disease response to AP pathology in CU subjects. Both CSF and plasma NfL concentrations were increased in
Biomarker patients with mild cognitive impairment and AD dementia. Furthermore, only NfL in CSF was associated

Blood with reduced white matter microstructure in CU subjects. Finally, in a transgenic mouse model of AD, CSF

Cerebrospinal fluid NfL increased before serum NfL in response to the development of Af pathology. In conclusion, NfL in CSF

Imaging
Neurofilament light

may be a more reliable biomarker of neurodegeneration than NfL in blood in preclinical sporadic AD.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During the past decade, several imaging and cerebrospinal fluid
(CSF) biomarkers that reflect the neuropathological characteristics
of Alzheimer’s disease (AD), including extracellular deposition of
aggregated beta-amyloid (AB), formation of intraneuronal neuro-
fibrillary tangles composed of hyperphosphorylated tau, and
neuronal loss, have been established (Blennow and Zetterberg,
2018; Laforce et al.,, 2018). These advances have made it possible
to detect pathological processes in the preclinical stage of AD,
before the manifestation of cognitive symptoms (Gustafson et al.,

* Corresponding author at: Clinical Memory Research Unit, Department of Clin-
ical Sciences, Malmo, Lund University, 221 84 Lund, Sweden.
** Corresponding author at: Memory Clinic, Skdne University Hospital, 20502
Malmo, Sweden. Tel.: +46 40 335036; fax: +46 40 335657.
E-mail addresses: emelie.andersson@med.lu.se (E. Andersson), oskar.hansson@
med.lu.se (O. Hansson).

2007; Skoog et al., 2003; Stomrud et al., 2007). In recent years,
the search for inexpensive and easily accessible blood-based bio-
markers for monitoring of early pathological events and disease
progression has intensified, given the invasiveness of lumbar
puncture for CSF collection and the high cost and limited avail-
ability of positron emission tomography (PET) imaging biomarkers
(Hampel et al., 2018).

Neurofilament light (NfL), an intermediate filament protein
expressed exclusively in neurons, has emerged as a promising
blood-based biomarker of neurodegeneration in several neurolog-
ical disorders, including AD (Khalil et al., 2018). The protein is
particularly abundant in large myelinated axons, where it plays
essential roles for radial growth, structural stability, and effective
conduction of nerve impulses (Sakaguchi et al., 1993; Zhu et al,,
1997). Under normal physiological conditions, NfL is released into
the interstitial fluid from where it reaches the CSF as well as the
circulatory system. However, upon neuronal injury and loss, the
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amount that reaches these fluid compartments is markedly
elevated (Yuan et al,, 2017). In sporadic AD, the concentrations of
NfL in CSF and blood are significantly increased in both the pro-
dromal and dementia stages of the disease, in which they associate
with cognitive decline and disease-related structural brain changes
(Mattsson et al., 2017; Zetterberg et al., 2016). Increased NfL con-
centration in CSF has also been reported in preclinical sporadic AD
(Bos et al., 2019; Pereira et al., 2017), but similar studies on NfL in
blood have not been able to show such changes at this early disease
stage (Chatterjee et al., 2018; Mattsson et al., 2017). This suggests
that NfL in CSF might be a more reliable biomarker of neurode-
generative processes in preclinical sporadic AD than NfL in blood.
However, a direct comparison between the performance of NfL in
CSF and blood in different stages of the disease is largely unex-
plored in samples derived from the same study population.

Well-characterized mouse models with a biomarker profile similar
to that in humans hold great translational value in AD research. In
accordance with clinical findings, experimental studies using trans-
genic (tg) mouse models of AR pathology and other proteinopathies
have shown marked age-dependent increases of NfL concentration in
both CSF and blood. These changes are also responsive to inhibition of
pathological processes (Bacioglu et al., 2016). However, changes in NfL
concentration in CSF compared to blood in relation to AD-related
pathology over time have not been thoroughly investigated in
mouse models of the disease. This knowledge would be valuable for
future studies on underlying disease mechanisms and treatment
response to novel disease-modifying drugs.

Herein, we measured the concentrations of NfL in CSF and
plasma in a cohort derived from the Swedish BioFINDER study
consisting of cognitively unimpaired (CU) subjects (n = 478), pa-
tients with mild cognitive impairment (MCI; n = 227), and patients
with AD dementia (n = 113). In addition, we determined the con-
centrations of NfL in CSF and serum collected at different time
points from the 5xFAD tg mouse model of AD (n = 40) and age-
matched non-tg littermates (n = 41). We tested the hypothesis
that NfL concentrations are increased at an earlier disease stage in
CSF than in plasma when assessed in CU subjects, patients with
MCI, and patients with AD dementia, all categorized based on CSF
AP and neurodegeneration status. Furthermore, we studied
whether NfL concentrations in CSF were associated with cerebral
AP deposition (*®F-flutemetamol PET) and metrics of white matter
microstructure from diffusion tensor imaging (DTI) at an earlier
disease stage compared to those in plasma. Finally, we studied
whether the concentration of NfL in CSF was increased at an earlier
time point than in serum in 5xFAD mice, and if the association with
cerebral amyloid plaque load was stronger for NfL in CSF than in
serum in this mouse model.

2. Materials and methods
2.1. BioFINDER study population

The study was approved by the Regional Ethics Committee in
Lund, Sweden, and the participants or their relatives gave written
informed consent.

The study population originated from the prospective and lon-
gitudinal Swedish BioFINDER study and consisted of 298 cogni-
tively healthy elderly participants, 407 patients with mild cognitive
symptoms, and 113 patients with AD dementia from which baseline
CSF and plasma NFL samples were available.

Cognitively healthy elderly participants were recruited from the
longitudinal population-based Malmd Diet and Cancer Study be-
tween 2010 and 2014 according to the following inclusion criteria:
>60 years of age, absence of cognitive symptoms as assessed by a
physician, Mini-Mental State Examination score of 28—30 at

screening visit, not fulfilling the criteria for MCI or any dementia, and
fluency in Swedish. Exclusion criteria were significant neurological
or psychiatric illness, significant alcohol or substance abuse, and
refusing lumbar puncture or magnetic resonance imaging (MRI).

Patients with mild cognitive symptoms were consecutively
enrolled from the Memory Clinic at Skane University Hospital and
Angelholm Hospital in Sweden between 2010 and 2014. Included
individuals had an age between 60 and 80 years, were referred to
any of the 2 memory clinics due to cognitive symptoms, had an
Mini-Mental State Examination score of 24—30 at baseline visit, did
not fulfill the criteria for any dementia, and were fluent in Swedish.
The exclusion criteria were cognitive impairment that with cer-
tainty could be explained by another condition or disease, signifi-
cant alcohol or substance abuse, and refusing lumbar puncture or
neuropsychological assessment. Following neuropsychological
assessment including a test battery evaluating verbal ability,
episodic memory function, visuospatial construction ability, and
attention and executive functions, 180 patients were classified as
subjective cognitive decline and 227 patients were classified as MCI.
In accordance with the guidelines from the US National Institute on
Aging-Alzheimer’s Association (Jack et al, 2018), cognitively
healthy elderly participants and patients with subjective cognitive
decline were included in the CU group.

Patients with AD dementia were included after thorough clinical
assessment at the Memory Clinic at Skane University Hospital in
Sweden. All study participants met the criteria for probable AD
dementia as defined by the National Institute of Neurological and
Communicative Disorders and Stroke and the Alzheimer’s Disease
and Related Disorders Association (Mckhann et al., 2011). In-
dividuals with significant alcohol or substance abuse were
excluded.

Study participants who were CU or diagnosed with MCI were
categorized into groups with normal (A—) or pathologic (A+) CSF
AP using the AB42/AB40 ratio with the cutoff <0.091. This cutoff
was established using Gaussian mixture modeling. In addition,
these individuals were further categorized based on normal (N-)
and abnormal (N+) cortical thickness in AD-susceptible temporal
regions as determined by MRI (see Section 2.3 below) with the
cutoff <2.25. As cortical thickness was not bimodally distributed,
Gaussian mixture modeling for cutoff determination could not be
applied. Instead, the cutoff was defined as mean —1.5 standard
deviation of A— CU cases, which has been commonly used in other
studies. Participants with AD dementia were all A+, however, no
information on cortical thickness was available for this group.

2.2. CSF and blood collection in the BioFINDER study population

Collection of lumbar CSF and blood samples from each study
participant was performed on the same day, where blood was ob-
tained within 15 minutes of CSF sampling. Lumbar CSF samples
were collected according to a standardized protocol (Blennow et al.,
2010), centrifuged for 10 minutes at 2000xg at 4 °C, and aliquoted
into polypropylene tubes. Blood was drawn into EDTA-containing
tubes and centrifuged for 10 minutes at 2000xg at 4 °C.
Following centrifugation, plasma was collected and aliquoted into
polypropylene tubes. The obtained CSF and plasma samples were
stored at —80 °C until biochemically analyzed.

2.3. Magnetic resonance imaging

MRI was completed in 478 CU subjects and 227 MCI patients,
and the average time interval between MRI acquisition and fluid
collection was 17 days. High-resolution T1-weighted MP-RAGE
(TR = 1950 ms, TE = 3.4 ms, in-plane resolution = 1 x 1 mm?,

slice thickness = 1.2 mm, 176 slices) and transversal T2-weighted
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FLAIR (TR = 9000 ms, TE = 89 ms, TI = 2500 ms, voxel size
0.7 x 0.7 x 4 mm?>, distance factor 25%, 27 slices) imaging was
performed on a 3T MR scanner (Siemens Tim Trio 3T, Siemens
Medical Solutions, Erlangen, Germany).

Cortical reconstruction and volumetric segmentation were per-
formed with the FreeSurfer image analysis pipeline v5.3 (http://
surfer.nmr.mgh.harvard.edu/). Briefly, the T1-weighted images
underwent correction for intensity homogeneity, removal of non-
brain tissue, and segmentation into gray matter and white matter
with intensity gradient and connectivity among voxels. Cortical
modeling allowed parcellation of the cerebral cortex into units with
respect to gyral and sulcal structure (Desikan et al., 2006). Cortical
thickness was measured as the distance from the gray/white matter
boundary to the corresponding pial surface. Reconstructed data sets
were visually inspected for accuracy, and segmentation errors were
corrected. To determine AD-related brain atrophy we used the
average cortical thickness in a predefined temporal lobe meta-
region (composed of entorhinal, inferior temporal, middle tempo-
ral, and fusiform cortex) (Jack et al., 2017).

Global white matter lesion volume was determined by the use of
an automated segmentation method, using the lesion prediction
algorithm in the LST toolbox implemented in SPM8 (Schmidt et al.,
2012).

For diffusion MR, a single-shot EPI sequence was used to obtain
66 contiguous axial slices with a spatial resolution of
2 x 2 x 2 mm> (TR/TE = 86/8200 ms). The diffusion encoding was
performed in 64 directions with b = 1000 s/mm?, and one addi-
tional volume was obtained for b = 0 s/mm?. To correct for motion
and eddy-current induced distortions, all data were registered to
the b = 0 s/mm? volume using an affine transform implemented in
Elastix (Klein et al., 2010). DTI (Basser et al., 1994) analysis was
performed using linear least squares with heteroscedasticity
correction with software developed in-house in MATLAB (The
MathWorks Inc, Natick, MA). Parameter maps for mean diffusivity
(MD) and fractional anisotropy (FA) were calculated from the
diffusion tensor.

The DTI data were analyzed using tract-based spatial statistics
(TBSS) (v 1.03) from the FMRIB Software Library (Smith et al., 2006).
In this process, FA volumes were first masked with the FSL Brain
Extraction Tool and then non-linearly registered to the 1 mm?
FMRIB58 FA template in MNI152 standard space, using FLIRT and
FNIRT (Andersson et al., 2007). The resulting subject-specific non-
linear transform was then applied to the MD map. The maps in
template space were then skeletonized by computing of the pro-
jection of the FA map onto the FMRIB58 template skeleton. Statis-
tical processing was performed using a significance threshold of
0.05 in Threshold-Free Cluster Enhancement and FSL Randomize (v
2.9), with 7500 permutations for generation of the null distribution.
When generating the p-maps, multiple comparison-correction was
accounted for by controlling the family-wise error rate. Hypothesis
tests were performed using the null hypothesis that the regression
coefficient for CSF NfL, or for plasma NfL, was zero, using age and
sex as additional covariates. The tests were performed separately
for CSF NfL and for plasma NfL for each of the 3 groups comprising
all subjects, those in the CU group, or those in the MCI group. Due to
incomplete data or failure of normalization, 11 CU subjects and 5
MCI subjects were excluded from the TBSS analysis.

2.4. BF_flutemetamol PET imaging

18E_flutemetomol PET scans for visualization of cerebral Ap de-
positions were completed for 382 individuals, including 244 CU
subjects and 138 MCI patients. Production of '®F-flutemetamol was
performed at the radiopharmaceutical production site in Risg,
Denmark, using a FASTlab synthesizer module (GE Healthcare,

Cleveland, OH). PET/CT scans of the brain were obtained from 2
different sites using the same type of scanner (Germini; Philips
Healthcare, Best, Netherlands). ®F-flutemetamol summation im-
ages for the period 90—110 minutes post injection a single dose of
18F_flutemetamol was analyzed using the NeuroMarQ software (GE
Healthcare). A volume of interest (VOI) template was applied to
define a global neocortical composite region, encompassing pre-
frontal, parietal, temporal lateral, anterior cingulate, posterior
cingulate, and precuneus VOIs (Lundqvist et al., 2013). The stan-
dardized uptake value ratio was defined as the uptake in a VOI
normalized to a composite reference region (whole cerebellum, the
pons/brainstem, and eroded cortical white matter).

2.5. Animals

Two- to 12-month-old male and female heterozygous 5xFAD tg
mice (n = 40), originally obtained from Jackson Laboratory, and
age-matched non-tg littermates (n = 41) were used for the exper-
iments. Animals were housed in groups of 2—6 mice per cage under
a 12:12 hour light/dark cycle with free access to food and water.
Under the control of the mouse Thyl promotor element, 5xFAD
mice overexpress human APP(695) with the K670N/M671L
(Swedish), 1716V (Florida), and V7171 (London) mutations together
with human PS1 harboring the M146L and L286V mutations.
Intraneuronal AP appears at 1.5 months in the deep cortical layers
and subiculum, and extracellular amyloid plaques start to accu-
mulate in the same regions around 2 months of age, spreading to
other brain areas as the animal ages. In addition, a reduction in pre-
and postsynaptic markers as well as neuronal loss has been re-
ported in 9-month-old mice (Oakley et al., 2006).

The experimental procedures were carried out in accordance
with the Swedish animal research regulations and were approved
by the committee of animal research at Lund University (ethical
permit number: 7482/2017).

2.6. CSF, blood, and brain tissue collection in mice

CSF was collected from cisterna magna in accordance with a
method previously described (Liu and Duff, 2008). All sample
collection was performed between 9 AM and 13 PM. Under iso-
flurane anesthesia, mice were placed on a stereotaxic instrument
and an incision of the skin inferior to the occiput was made. Using a
dissecting microscope, the underlying neck muscles were then
separated to expose the dura mater of the cisterna magna. A glass
capillary tube with a tapered tip was used to penetrate the dura
mater and collect CSF. Samples were immediately transferred to
protein LoBind tubes (Eppendorf, Hamburg, Germany), snap frozen
on dry ice, and stored at —80 °C until analysis.

Following CSF sampling, blood was collected from the left heart
ventricle using a 23G needle and immediately transferred to pro-
tein LoBind Tubes (Eppendorf). The blood samples were allowed to
clot for 2 hours at room temperature before they were centrifuged
at 2000x g for 20 minutes. Serum was then collected, aliquoted into
protein LoBind tubes (Eppendorf), and stored at —80 °C until
analysis.

For brain tissue collections, mice were transcardially perfused
with ice-cold 0.1 M phosphate buffer (PB). The brain was removed
and the left hemisphere was fixed in 4% paraformaldehyde in 0.1 M
PB, pH 7.4, for 48 hours at 4 °C and then immersed in 30% sucrose
solution for 48 hours at 4 °C. Brains were serially cut into 30 um
sagittal sections using a sliding microtome (Leica Biosystems,
Wetzlar, Germany) and collected in antifreeze solution (30% sucrose
and 30% ethylene glycol in PB) for storage at —20 °C.
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2.7. Thioflavin S staining and analysis of mouse brain sections

Free-floating sagittal brain sections (30 pum) were washed
3 x 10 minutes in Tris-buffered saline and then stained with 0.01%
Thioflavin S (ThioS) in 50% ethanol for 10 minutes. Sections were
washed 2 x 1 minute in 50% ethanol, 3 x 1 minute in ddH,0, and
finally 10 minutes in Tris-buffered saline. The stained specimens
were mounted on glass slides and coverslipped with SlowFade Gold
Antifade Mountant (Life Technologies, Carlsbad, CA) according to
the manufacturer’s recommendations. Images of cortex and sub-
iculum from 3 sections per animal were captured using a 10x
objective lens on an Olympus IX70 fluorescence microscope
equipped with a Hamamatsu ORCA-Flash4.0 LT+ digital COMOS
camera. The area (%) covered by ThioS-positive amyloid plaques in
the regions of interest was quantified using the Fiji software by
applying an automated threshold that was maintained for all im-
ages analyzed.

2.8. Biochemical analysis of CSF and blood from the BioFINDER
study population and mice

CSF NfL concentration in the BioFINDER study population was
measured using a sensitive sandwich ELISA method (NF-light ELISA
kit; UmanDiagnostics AB, Umed, Sweden). Intra-assay coefficient of
variance (CV) ranged between 7% and 10% and inter-assay CV was
13%. An in-house Simoa NfL assay, in which the monoclonal anti-
bodies and calibrators from the NF-light ELISA kit (UmanDiag-
nostics AB) were transferred onto the Simoa platform using a
homebrew kit (Quanterix, Lexington, MA), was used to measure
plasma NfL concentration in the BioFINDER study population, as
well as CSF and serum NfL concentrations in mice. The core domain
of NfL, against which the antibodies are directed, is fully conserved
between humans and mice (Lee et al., 1986). For measurement of
plasma samples from the BioFINDER study population, the intra-
assay CV was 5.5% and the inter-assay CV was 8.2% for the low-
concentration quality control sample (11.1 pg/mL). For the high-
concentration quality control sample (107.0 pg/mL), the corre-
sponding CVs were 9.3% and 9.4%, respectively. Intra-assay CV for
measurement of mouse CSF samples ranged between 2.9% and
11.1%, and intra- and inter-assay CV for measurement of mouse
serum samples ranged between 3.2% and 8.7% and 6.5% and 13.8%,
respectively. The concentration of AB40, Ap42, and phosphorylated
tau in CSF in the BioFINDER study population was measured by
Euroimmun immunoassay. All measurements were performed in
one round of experiments using one batch of reagents by board-
certified laboratory technicians who were blinded to clinical and
genotype information.

2.9. Statistical analysis

For the BioFINDER study population, demographic factors and
clinical characteristics were compared between different diagnostic
groups using the Mann-Whitney U-test for continuous variables
and the y? test for categorical variables. Group comparisons of CSF
and plasma biomarkers were performed on log-transformed data
using univariate general linear models adjusted for the confound-
ing effects of age and sex. p-values were corrected for multiple
comparisons using the Bonferroni method. Spearman’s rank-
ordered correlation coefficient and linear regression models
adjusted for age and sex were used to examine associations be-
tween 2 continuous variables. The diagnostic accuracy of NfL in CSF
and plasma was evaluated using receiver operating characteristic
curve analysis by calculating the area under the curve (AUC). As-
sociations between NfL concentrations and '8F-flutemetamol
standardized uptake value ratio were analyzed voxel-wise using

SPM12 multilinear regression models, including age, sex, and the
time interval between fluid collection and '8F-flutemetamol PET
acquisition as covariates. Parametric maps were adjusted for mul-
tiple comparisons using family wise error correction.

Nonparametric statistical methods were used for analysis of data
derived from animal experiments due to the relatively small sample
size. Three extreme outliers with CSF or plasma NfL concentrations
above 3 interquartile ranges of the third quartile were excluded
from the analysis. The Jonckheere-Terpstra trend test was per-
formed to study if CSF and serum NfL concentrations increased with
age in 5xFAD mice and non-tg littermates. This test was also used
to study if amyloid plaque load in cortex and subiculum of 5xFAD
mice increased with age. If a statistically significant trend was
found, post hoc analysis for group comparisons between the
youngest group an all other groups were performed using the
Mann-Whitney U-test. p-values were corrected for multiple com-
parisons using the Bonferroni method. In addition, the Mann-
Whitney U-test was performed to compare the concentrations of
NfL in CSF and serum between 5xFAD mice and age-matched non-
tg littermates. Correlation analysis was done using Spearman’s
rank-ordered correlation coefficient. For comparisons between
correlation coefficients, Meng’s Z-test for correlated correlations
was performed (Meng et al., 1992). Statistical analysis was per-
formed using IBM SPSS Statistics 25 and corresponding graphs were
produced in GraphPad Prism 8.

3. Results
3.1. CSF and plasma NfL concentrations and demographic factors

Demographic factors and biomarker characteristics for the Bio-
FINDER study population are listed in Table 1 and Supplementary
Table 1. CSF and plasma NfL concentrations correlated signifi-
cantly with age in the whole study population (rs (csp) = 0.32, p <
0.001; 75 (plasma) = 0.44, p < 0.001), as well as in CU subjects (rs
(csp) = 0.39, p < 0.001; 75 (plasma) = 0.49, p < 0.001), patients with
MCI (rs (cspy = 0.23, p < 0.001; 75 (plasma) = 0.28, p < 0.001), and
patients with AD dementia (7 (cspy = 0.21, p < 0.05; T's (plasma) = 0.38,
p < 0.001). In the whole study population, men had significantly
higher CSF NfL concentration than women (p < 0.001). Similar re-
sults were observed in CU subjects (p < 0.001), patients with MCI (p
< 0.001), and patients with AD dementia (p < 0.05). No sex dif-
ferences in plasma NfL concentration were found.

3.2. Correlation between NfL concentrations in CSF and plasma

Spearman correlation analysis revealed a positive correlation
between plasma and CSF NfL concentrations when measured in the
whole study population (rs = 0.58, p < 0.001) as well as in CU
subjects (rs = 0.48, p < 0.001), patients with MCI (rs = 0.50, p <
0.001), and patients with AD dementia (rs = 0.53, p < 0.001)
(Supplementary Fig. 1). Similar associations were found when
adjusting for the confounding effects of age and sex using linear
regression models (whole study population, § = 0.51, p < 0.001; CU,
B=0.36,p < 0.001; MCI, B = 0.55, p < 0.001; AD dementia, B = 0.51,
p < 0.001).

3.3. CSF and plasma NfL concentrations in diagnostic groups
stratified by A/N status

CSF and plasma NfL concentrations were significantly higher in
patients with MCI (p < 0.00033) and AD dementia (p < 0.00033)
when compared to CU subjects (Table 1). When the diagnostic
groups were further categorized based on CSF Af status (A— or A+)
and neurodegeneration (N— or N+), CU subjects characterized as
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Table 1
Demographic and baseline information on the study participants
CU (n = 478) MCI (n = 227) AD (n = 113)

Age (y) 72.1 (5.5) 70.6 (5.4)° 75.0 (7.2)>¢
Sex (% female) 58.2 40.5° 63.7¢
Education level (y) 12.3 (3.7) 11.1 (3.3) (n = 223)° 9.6 (2.8) (n = 71)>¢
APOE ¢4 (% positive) 324 (n = 477) 52.0° 66.3 (n = 110)"¢
MMSE score 28.9(1.2) 27.1(1.8)° 21.7 (3.7)°¢
18F_Flutemetamol, global (SUVR) 0.73 (0.15) (n = 259) 0.90 (0.21) (n = 143)" N/A
CSF NfL (pg/mL) 992 (612) 1528 (1308)° 1827 (1591)°
Plasma NfL (pg/mL) 23 (34) 28 (23)° 42 (26)>¢
CSF AB42/40 ratio 0.11 (0.037) 0.090 (0.041)° 0.055 (0.016)"¢
CSF t-tau (pg/mL) 337 (141) 437 (218)° 653 (234)"¢

CSF p-tau (pg/mL) 49 (31) (n = 458) 79 (51) (n = 218)° 124 (50) (n = 111)>¢

Continuous data are presented as mean (SD). Mann-Whitney U-test and 72 test were used to compare demographic factors and clinical characteristics between the groups.
Group comparisons of CSF and plasma biomarkers (log-transformed) were performed using univariate general linear models adjusted for age and sex. p-values were corrected
for multiple comparisons using the Bonferroni method.

Key: AB, beta amyloid; AD, Alzheimer’s disease; CSF, cerebrospinal fluid; CU, cognitively unimpaired; MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination;
N/A, not applicable; NfL, neurofilament light; p-tau, phosphorylated tau; t-tau, total tau.

2 p < 0.017 versus CU.

b p < 0.00033 versus CU.
€ p < 0.00033 versus MCI.
4 p < 0.0033 versus MCIL.
€ p < 0.017 versus MCL

f p < 0.001 versus CU.

A+N- and A+N+ had significantly higher concentrations of NfL in
CSF when compared to those characterized as A—N— (CU A+N—, p
< 0.00125; CU A+N+, p < 0.00125). More specifically, the mean NfL
concentration in CSF was 1.28-fold higher in A+N— CU subjects and
1.66-fold higher in A+N+ CU subjects. Plasma NfL concentration, on
the other hand, was not significantly increased in CU subjects with
AP pathology (A+) or evidence of neurodegeneration (N+),
although the mean plasma NfL concentration was 1.40-fold higher
in A+N— CU subjects and 1.60-fold higher in A+N+ CU subjects
when compared to CU subjects categorized as A—N—. Significantly
higher NfL concentrations in CSF were also found in MCI patients
characterized as A—-N— (p < 0.000125), A+N- (p < 0.000125),
A—N+ (p < 0.000125), and A+N+ (p < 0.000125), as well as in
patients with AD dementia (p < 0.000125) when compared to
A—N- CU subjects. Similar results were found for the concentration
of NfL in plasma (MCI A—N—, p < 0.00125; MCI A+N—, p <
0.000125; MCI A—N-+, p < 0.000125; MCI A+N+, p < 0.000125; AD
dementia, p < 0.000125) (Table 2; Supplementary Fig. 2A and B).
Furthermore, in Supplementary Table 2 we describe the AUCs of CSF
and plasma NfL when distinguishing the different diagnostic
groups. In brief, the AUCs were higher for CSF NfL compared with
plasma NfL.

3.4. Associations between CSF and plasma NfL concentrations and
18F_flutemetamol PET

Next, we studied whether CSF and plasma NfL concentrations
were associated with the amount of cortical AP fibrils as measured

with amyloid ('8F-flutemetamol) PET. In the whole study popula-
tion, voxel-wise regression analysis revealed a significant associa-
tion between CSF NfL concentration and the uptake of 3F-
flutemetamol, particularly in prefrontal, occipital, and temporal
cortical areas, precuneus, and posterior cingulate cortex. In
contrast, significant associations between plasma NfL concentration
and '8F-flutemetamol uptake were largely absent (Fig. 1A,
Supplementary Fig. 3A). Similarly, in CU subjects, mainly CSF NfL
was associated with the uptake of '8F-flutemetamol (Fig. 1B),
however, these results did not survive multiple comparison
(Supplementary Fig. 3B). In patients with MCI, the uptake of '8F-
flutemetamol was not significantly associated with either CSF or
plasma NfL concentrations (Fig. 1C, Supplementary Fig. 3C).

3.5. Association between CSF and plasma NfL concentrations and
DTI metrics in TBSS

NfL concentrations in body fluids are thought to mainly reflect
axonal degeneration (Yuan et al.,, 2017). Consequently, we next
studied the associations between the concentrations of NfL in CSF
and plasma with microstructural changes in subcortical white
matter using DTI. Typically, FA decreases and MD increases with
increasing white matter damage in neurodegenerative disorders
(Horsfield and Jones, 2002). CSF NfL concentration associated
negatively with FA and positively with MD across most of the TBSS
white matter skeleton in the whole study population as well as in
CU subjects and patients with MCI. Plasma NfL, on the other hand,
was negatively associated with FA only among patients with MCL

Table 2
CSF and plasma NfL concentrations in diagnostic groups stratified by A/N status
(@8 MCI AD
A-N-— A+N— A—-N+ A+N+ A-N-— A+N— A—N+ A+N+ A+
(n = 300) (n=118) (n=31) (n=29) (n=68) (n=179) (n=27) (n=53) (n=113)
CSF NfL (pg/mL) 870 (437) 1112 (775)* 1292 (712) 1446 (864) 1284 (1207)° 1292 (705)° 2238 (1803)°  1832(1635)° 1827 (1591)°
Plasma NfL (pg/mL) 20 (10) 28 (66) 29 (19) 32 (18) 24 (17)° 27 (17)° 38 (48)° 30 (18)° 42 (26)°

Data are given as mean (SD). Univariate general linear models adjusted for age and sex were used for group comparisons. Statistical analysis was performed on log-transformed
CSF and plasma NfL concentrations. p-values were corrected for multiple comparisons using the Bonferroni method.
Key: AD, Alzheimer’s disease; CSF, cerebrospinal fluid; CU, cognitively unimpaired; MCI, mild cognitive impairment; NfL, neurofilament light; SD, standard deviation; SUVR,
standardized uptake value ratio.

2 p < 0.00125 versus CU A—N—.

b p < 0.000125 versus CU A—N-—.
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Fig.1. Association between CSF and plasma NfL concentrations and '8F-flutemetamol PET. Voxel-wise associations between '®F-flutemetamol PET and NfL concentrations in CSF and
plasma across the whole study population (A), CU subjects (B), and patients with MCI (C). Parametric maps were thresholded at p < 0.001 (uncorrected, cluster extent >100 voxels).
All analysis was adjusted for age, sex, and time interval between fluid collection and '®F-flutemetamol PET acquisitions. Abbreviations: CSF, cerebrospinal fluid; CU, cognitively
unimpaired; MCI, mild cognitive impairment; NfL, neurofilament light; PET, positron emission tomography.

This association was less widespread compared to findings for NfL
in CSE. No association between plasma NfL and MD was found
either in the whole study population or when analyzed within the
different diagnostic groups (Fig. 2A—C).

3.6. CSF and plasma NfL concentrations in 5xFAD mice and non-tg
littermates

There was a significant positive correlation between CSF and
serum NfL concentrations in both 5xFAD mice (rs = 0.67, p < 0.001)
and non-tg littermates (rs = 0.40, p < 0.01) when measured over all
age groups (Supplementary Fig. 4A and B). The Jonckheere-Terpstra
test revealed a statistically significant trend of higher CSF and
serum NfL concentrations with increased age in 5 xFAD mice (pcsg <
0.001; pserum < 0.001). Similar results were observed for CSF NfL
concentration in age-matched non-tg littermates (p < 0.001),
whereas no significant increase in serum NfL concentration was
found in these wild-type mice (Supplementary Table 3). When
compared to age-matched non-tg littermates, 5xFAD mice had
significantly higher concentrations of NfL in CSF at all assessed time
points. Already at 2 months of age, the median CSF NfL concen-
tration was elevated around 15-fold (Fig. 3A). In contrast, significant
differences in the concentration of serum NfL were first observed
from 4 months of age (Fig. 3B).

3.7. Association between CSF and plasma NfL concentrations and
amyloid plaque load in 5xFAD mice

ThioS-positive amyloid plaques were observed in both the cor-
tex and subiculum at 2 months of age in 5xFAD mice, and there was
a significantly higher plaque load with increased age in the 2 re-
gions (pcortex < 0.001; Fig. 4A and B; psubiculum < 0.001,
Supplementary Fig. 5A and B). Both CSF and serum NfL concentra-
tion correlated with cortical plaque load when measured over all

age groups (s (csf) = 0.76, pcsp < 0.001; T (serum) = 0.58, Pserum <
0.001; Fig. 4C and D). When comparing the 2 correlation co-
efficients, the correlation with cortical plaque load was significantly
higher for CSF NfL concentration than for serum NfL concentration
(z =197, p < 0.05). In addition, CSF and serum NfL concentrations
correlated with plaque load in the subiculum (75 (csry = 0.75, pcsr <
0.001; rs (serum) = 0.60, Pserum < 0.001; Supplementary Fig. 5C and
D), however, no significant difference between these correlations
was found.

4. Discussion

In the present study, our main findings show that the concen-
tration of NfL in CSF was significantly increased in CU subjects with
AP pathology, whereas changes in plasma were first observed in
patients with MCI. Furthermore, in CU subjects, the concentration
of NfL in CSF was associated with accumulation of A in the brain in
a more widespread manner compared to NfL in plasma. We also
found that the concentration of NfL in CSF, but not in plasma, was
associated with compromised white matter microstructure in CU
subjects. Supportive of these results, the concentration of NfL in
both CSF and serum was increased and associated with disease
progression in the 5xFAD mouse model of AD. In comparison to
serum, the concentration of NfL in CSF was elevated at an earlier
time point and showed a greater association with cortical amyloid
plaque load. Together, these results suggest that NfL in CSF consti-
tutes a more reliable biomarker of neuroaxonal pathological pro-
cesses than NfL in blood in preclinical sporadic AD.

4.1. The concentration of NfL in CSF is significantly increased earlier
than in blood

Consistent with previous observations (Mattsson et al., 2017),
the concentration of NfL in plasma correlated positively with those
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Fig. 2. Association between CSF and plasma NfL concentrations and DTI metrics. Associations between CSF and plasma NfL concentrations and FA and MD from DTI across the whole
study population (A), CU subjects (B), and patients with MCI (C). NfL in CSF was negatively associated (blue) with FA and positively associated (red) with MD in all investigated
groups. NfL in plasma was negatively associated with FA in patients with MCI, but with a smaller spatial extent compared with NfL in CSF. All analyses were adjusted for age and sex.
Abbreviations: CSF, cerebrospinal fluid; CU, cognitively unimpaired; DTI, diffusion tensor imaging; FA, fractional anisotropy; MCI, mild cognitive impairment; MD, mean diffusivity;
NfL, neurofilament light. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

in CSF in the whole study population, as well as in the different
diagnostic groups, suggesting that NfL in blood is likely to originate
from the central nervous system (CNS). In addition, NfL in both CSF
and plasma were higher in patients with MCI and AD dementia
compared to CU subjects, as reported by others (Mattsson et al.,
2017, 2019; Olsson et al., 2019; Zetterberg et al., 2016), suggesting
that NfL tracks neurodegeneration. When the diagnostic groups
were further categorized based on A/N status, increased concen-
tration of NfL in CSF was found already in A+N— and A+N+ CU
subjects, whereas significant changes in plasma NfL were only
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found in patients with MCI and AD dementia. This may to some
extent be due to higher variability in the concentration of NfL in
plasma than in CSF across individuals, given that the fold change of
the mean NfL concentration in A+N— and A+N+ CU subjects with
respect to that in A—~N— CU subjects was similar in plasma and CSF.
Indeed, several physiological confounding factors may influence the
accuracy of the measurement of NfL in blood compared to CSF, such
as lower concentrations as a result of the larger volume of blood
compared to CSF, degradation in the blood or liver, matrix effects,
and renal clearance (Hampel et al., 2018). Furthermore, although
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Fig. 3. CSF and serum NfL concentrations in 5xFAD mice and non-tg littermates. The concentration of NfL in CSF and serum was measured in 5xFAD mice and age-matched non-tg
littermates at 2 (5xFAD: n = 9; non-tg: n = 11), 4 (5xFAD: n = 11; non-tg: n = 12), 6 (5xFAD: n = 11; non-tg: n = 12), and 12 (5xFAD: n = 9; non-tg: n = 6) months of age. (A) CSF
NfL concentration in 5xFAD mice was significantly higher than those in age-matched non-tg littermates at all assessed time points. (B) Serum NfL concentration in 5x FAD mice was
significantly higher than those in age-matched non-tg littermates at 4, 6, and 12 months of age. Data are presented as median and IQR. Whiskers represent data within 1.5 IQR of the
lower and upper quartiles. Statistical analysis for comparison between 5xFAD mice and age-matched non-tg littermates was performed using the Mann-Whitney U-test (*p < 0.05,
***p < 0.001). Abbreviations: CSF, cerebrospinal fluid; IQR, interquartile range; NfL, neurofilament light.
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Fig. 4. Cortical amyloid plaque load and its correlation to CSF and serum NfL concentrations in 5xFAD mice. (A) Representative images of ThioS-positive amyloid plaques in cortex of
2(n=9),4(n=11),6 (n=11),and 12 (n = 9) months old 5xFAD mice, scale bars: 100 pm. (B) Quantification of the area (%) covered by ThioS-positive amyloid plaques in cortex
revealed a significantly higher plaque load with increased age. Cortical plaque load correlated significantly positive with (C) CSF NfL concentration and (D) serum NfL concentration
when assessed over all age groups. Data are presented as median and IQR. Whiskers represent data within 1.5 IQR of the lower and upper quartiles. For comparison between groups,
statistical analysis was performed using the Jonckheere-Terpstra trend test followed by the Mann-Whitney U-test for post hoc group comparisons between the youngest group an
all other groups. p-values were corrected for multiple comparisons using the Bonferroni method (***p < 0.00033). Correlation analysis was performed using Spearman’s rank-
ordered correlation coefficient (***p < 0.001). Abbreviations: CSF, cerebrospinal fluid; IQR, interquartile range; NfL, neurofilament light; ThioS, thioflavin S.

the concentration of NfL in both CSF and blood has shown to remain
stable over the 2 freeze-thaw cycles to which our samples have
been exposed to (Keshavan et al., 2018; Koel-Simmelink et al., 2013;
Vinter et al., 2020), differences in the effect of other pre-analytical
factors that yet have not been investigated may have contributed
to these results. Our finding that the NfL concentration in CSF may
be significantly changed at an earlier time point than in plasma is in
agreement with a previous study on sporadic AD (Pereira et al.,
2017). However, the relationship between CSF and plasma NfL
may be different in autosomal-dominant AD, as a recent study using
the Dominantly Inherited Alzheimer Network cohort showed that
the concentrations of NfL in both CSF and serum were significantly
increased in mutation carriers compared to non-mutation carriers
at approximately the same time, 6.8 years before the estimated
symptom onset (Preische et al., 2019).

Comparisons between the groups also revealed that the con-
centration of NfL in both CSF and plasma was higher in patients
with MCI categorized as A—N— when compared to A—N— CU sub-
jects. The pathophysiology of MCI is multifactorial and may, in
addition to accumulation of A and gray matter degeneration, be
associated with vascular damage and cerebrovascular disease
resulting in compromised white matter integrity (Roberts et al.,
2013). Indeed, the global white matter lesion burden in A—N—
MCI patients was significantly higher than in A—N— CU subjects,
and correlated with the concentration of NfL in both CSF and
plasma (see Supplementary Fig. 6A—C). As NfL is particularly
abundant in large myelinated axons that constitute the cerebral

white matter, this may to some extent explain the increased NfL
concentration in CSF and plasma in this group.

Evaluation of the diagnostic accuracy of NfL in CSF and plasma
showed that the performance of NfL in CSF in distinguishing A—N—
CU subject from A + N+ CU subjects was fair. This was in contrast to
NfL in plasma, where the separation between the groups was rather
poor.

Given the translational importance of well-characterized
mouse models in AD research, we further investigated if our
findings in humans could be replicated in the 5xFAD mouse
model of AD. Indeed, we found a positive correlation between NfL
in CSF and serum in both 5xFAD and non-tg mice when assessed
over all age groups, further supporting a likely CNS origin of NfL
in blood. Importantly, in 5xFAD mice, the concentration of NfL in
CSF was around 15 times higher compared to non-tg littermates
already at 2 months of age, the time point at which myelin ab-
normalities and decreased axonal caliber have been reported (Gu
et al.,, 2018), and the first extracellular AB plaques start to accu-
mulate in the brain (Oakley et al., 2006). This was in contrast to
NfL in serum, where increased concentrations were observed
from 4 months of age. This coincides with the development of
spatial memory deficits (Oakley et al., 2006), supporting our
clinical findings that NfL in blood might be a reliable marker of
axonal injury and loss first in the early symptomatic stage of AD.
Our results are in agreement with previous studies in animal
models of neurodegenerative diseases, in which the concentration
of NfL in CSF was increased over wild-type controls at an earlier
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time point than NfL in blood (Bacioglu et al., 2016; Soylu-Kucharz
et al., 2017).

To reach the circulatory system, NfL and other proteins derived
from the CNS must cross the blood-brain barrier (BBB). Although
conflicting results have been reported, there has been some evi-
dence of compromised BBB integrity in patients with MCI
(Montagne et al., 2015) and AD dementia (Janelidze et al., 2017;
Skillback et al., 2017), as well as in mouse models of Ap pathology
(Montagne et al., 2017). Even if no association has been found be-
tween blood NfL concentration and CSF/serum albumin ratio, the
most established fluid biomarker for BBB function (Kalm et al.,
2017), it is possible that significant leakage of NfL from the CNS
into the blood initially occurs in the symptomatic stage of the dis-
ease. Hence, in addition to differences in variability, one may
speculate that this to some extent contributes to our findings that
NfL in blood is significantly increased at a later time point than in
CSFE. However, further studies are necessary to better understand
the driving factors behind these differences.

4.2. NfL in relation to AB pathology

The concentration of NfL in CSF was elevated in subjects with A
pathology in all diagnostic groups, including CU subjects. This was
in contrast to plasma NfL concentration, which was only increased
in AB-positive MCI and AD dementia subject. When further inves-
tigating the association between NfL and the accumulation of A in
the brain, as measured by F-flutemetamol PET, higher concen-
tration of NfL in CSF was associated with greater AB plaque load in
widespread cortical regions in CU subjects when uncorrected for
multiple comparisons. However, associations between the con-
centration of plasma NfL and AP plaque load were more limited in
this group. Similarly, in 5xFAD mice, the correlation with cortical
plaque load was greater for the concentration of NfL in CSF
compared with serum. Together, these results imply that NfL in CSF,
but not in plasma, is a biomarker sensitive to biological processes
related to AP pathology in the preclinical stages of sporadic AD.
Surprisingly, neither NfL in CSF nor plasma was associated with the
accumulation of AP in patients with MCI, which might be due to
increased NfL concentrations caused by neurodegeneration inde-
pendent of AB pathology in this heterogeneous group of patients.

Our findings that the concentration of NfL in CSF was related to
AP positivity in the preclinical stage of sporadic AD is in agreement
with previous reports (Bos et al., 2019; Pereira et al., 2017). Notably,
by using the Alzheimer’s Disease Neuroimaging Initiative cohort,
Pereira and colleagues showed that the concentration of NfL in CSF
was elevated and associated with brain atrophy already in CU
subjects with pathological CSF AB42 levels. In line with the results
from the present study, they also found that plasma NfL was
increased and associated with brain atrophy only in symptomatic
individuals (Pereira et al., 2017). Our results regarding plasma NfL
are further supported by additional studies where no differences in
plasma NfL concentrations between AB-positive and AB-negative
CU subjects were reported, however, those studies did not inves-
tigate NfL in CSF (Chatterjee et al.,, 2018; Mattsson et al., 2017).
Moreover, in a study population consisting of mainly CU subjects,
Mielke and colleagues found no association between baseline
plasma NfL concentration and baseline or longitudinal changes in
global cortical amyloid burden as determined by PiB-PET. Never-
theless, similar results were obtained for baseline CSF NfL con-
centration (Mielke et al., 2019).

4.3. NfL in relation to white matter changes

Increased concentrations of NfL in body fluids are thought to
reflect injury and loss of large myelinated axons, which are

predominately found within the cerebral white matter (Khalil et al.,
2018). Although AD has traditionally been viewed as a disease of the
gray matter (Amlien and Fjell, 2014), several studies employing
neuroimaging modalities have provided evidence of both macro-
and microstructural white matter abnormalities during the course
of the disease (Agosta et al., 2011; Liu et al., 2009; Mayo et al., 2017;
Medina et al.,, 2006; Nasrabady et al., 2018). Indeed, it has been
reported that the concentration of NfL in CSF, but not in plasma,
correlates with white matter macrostructural changes in patients
with MCI and AD dementia (Mattsson et al., 2017; Zetterberg et al.,
2016). Furthermore, in CU subjects and prodromal AD, associations
between NfL in CSF and DTI measurements of white matter
microstructure were recently described (Moore et al., 2018). These
findings are in line with those from the present study, in which the
concentration of NfL in CSF was negatively associated with FA and
positively associated with MD in widespread white matter regions,
suggesting that increased concentration of NfL in CSF reflect
increased white matter damage (Gold et al., 2012). In contrast, the
concentration of NfL in plasma associated with FA only in patients
with MCI, whereas no association with MD was found in any of the
diagnostic groups. To our knowledge, this is the first study to
investigate associations between plasma NfL and white matter
microstructural changes measured by DTI. Our findings suggest that
NfL in CSF may predict white matter damage at an earlier stage of
sporadic AD compared to NfL in plasma.

4.4. Limitations

A limitation of our study is the use of a cross-sectional study
design, which did not allow us to study changes in the concentra-
tions of NfL in CSF compared to serum over time. Longitudinal
studies with serial measurements would be needed to further
assess the use of NfL in CSF in comparison to plasma as a biomarker
of axonal injury and loss in preclinical sporadic AD. In addition,
categorization based on A/N status resulted in a relatively small
sample size in some of the groups, reducing the power of the study.

In the present study, we made use of the 5xFAD mouse model of
AD. These mice have an aggressive disease presentation and pro-
gression, with accumulation of AP plaques starting already at
2 months of age. As CSF and serum were collected from this time
point, it was not possible to study potential changes in NfL prior to
plaque deposition. Thus, in order to get a better understanding as to
when the concentrations of NfL starts to increase in the early stage
of the disease, our findings should be replicated in additional
mouse models with a slower disease progression, more similar to
that in humans. Furthermore, the overexpression of APP in 5xFAD
mice results in subsequent overproduction of APP fragments other
than AB (Sasaguri et al., 2017). These fragments, rather than Ap,
might contribute to pathological changes related to the release of
NfL into CSF and blood. To overcome this issue, the use of recently
developed APP KI mice (Saito et al., 2014) would be preferable over
first-generation tg mouse models for future studies.

5. Conclusion

In conclusion, our findings suggest that NfL concentration in CSF
might be a useful biomarker for assessment of axonal injury and
loss already in preclinical sporadic AD, whereas NfL concentration
in plasma may be reliable for similar pathological processes
somewhat later, that is, during the early symptomatic stages of the
disease. Furthermore, 5xFAD mice may be a valuable model for
future experimental studies on the underlying mechanisms for
changes in NfL in CSF and blood in AD, as well as on treatment
responses to novel disease-modifying drugs.
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