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Abstract

Introduction: Plasma neurofilament light chain (NfL) is a potential biomarker for

neurodegeneration in Alzheimer’s disease (AD), ischemic stroke, and non-dementia

cohorts with cerebral small vessel disease (CSVD). However, studies of AD in popu-

lations with high prevalence of concomitant CSVD to evaluate associations of brain

atrophy, CSVD, and amyloid beta (Aβ) burden on plasmaNfL are lacking.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Alzheimer’s & Dementia: Diagnosis, Assessment & Disease Monitoring published byWiley Periodicals, LLC on behalf of Alzheimer’s Association.

Alzheimer’s Dement. 2023;15:e12396. wileyonlinelibrary.com/journal/dad2 1 of 10

https://doi.org/10.1002/dad2.12396

mailto:mitchell.lai@dementia-research.org
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/dad2
https://doi.org/10.1002/dad2.12396


2 of 10 CHONG ET AL.

MOH-000707-01, NMRC/CSA-SI/007/2016,

NMRC/CG/M006/2017,

NMRC/CG/013/2013,

NMRC/CG/NUHS/2010

Methods:Associationswere testedbetweenplasmaNfL andbrainAβ, medial temporal

lobe atrophy (MTA) as well as neuroimaging features of CSVD, including white matter

hyperintensities (WMH), lacunes, and cerebral microbleeds.

Results:We found that participants with either MTA (defined as MTA score ≥2; neu-

rodegeneration [N]+WMH−) or WMH (cut-off for log-transformed WMH volume

at 50th percentile; N−WMH+) manifested increased plasma NfL levels. Participants

with both pathologies (N+WMH+) showed the highest NfL compared to N+WMH−,

N−WMH+, and N−WMH− individuals.

Discussion: Plasma NfL has potential utility in stratifying individual and combined

contributions of AD pathology and CSVD to cognitive impairment.

KEYWORDS

Alzheimer’s disease, amyloid beta, biomarkers, brain atrophy, cerebrovascular disease, neurofila-
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1 INTRODUCTION

Alzheimer’s disease (AD) is characterized by abnormal accumulation of

amyloid beta (Aβ) plaques and neurofibrillary tangles (NFTs), as well

as progressive neuronal loss, culminating in brain atrophy and clinical

symptoms. In addition, cerebral small vessel disease (CSVD), including

whitematter (WM) lesions, lacunes, and cerebralmicrobleeds, not only

contributes directly to vascular dementia (VaD), but is also frequently

observed in AD brains1–4 where it interacts with AD pathophysiology

processes in an additive or synergistic manner to exacerbate cogni-

tive decline.2,5–7 Importantly, the prevalence of concomitant AD and

CSVD may be higher in non-White populations such as those in Asia,

with consequent implications for prevention, diagnostic, and treat-

ment strategies.8–10 Currently, positron emission tomography (PET)

andmagnetic resonance imaging (MRI) are used to detect andmonitor

the progression of AD and CSVD pathologies. However, there are con-

straints for both techniques such as invasiveness and high cost, which

limit theirwidespread use. By contrast, sensitive blood-based biomark-

ers with comparable performance could be more readily and widely

adopted.11

Neurofilament light chain (NfL), a cytoskeletal protein primarily

found in the axoplasm of neurons, is leaked into the periphery under

various pathophysiological conditions such as neuroaxonal injury.12

Cerebrospinal fluid (CSF) and bloodNfL levels are increased in patients

with neurodegenerative diseases including AD, and associated with

MRI markers of brain atrophy, supporting its role as a biomarker of

neuroaxonal degeneration or loss.12–15 Additionally, CSF NfL levels

were elevated in VaD patients and were associated with white mat-

ter hyperintensities (WMH),12,16–18 a neuroimaging marker of WM

lesions. Furthermore, studies on cerebral autosomal dominant arteri-

opathy with subcortical infarcts and leukoencephalopathy (CADASIL)

and ischemic stroke patients, as well as non-demented elderly with

CSVD, revealed significant association between blood NfL, as mea-

sured by the ultrasensitive single molecule array (Simoa) platform,

and neuroimaging CSVD markers.4,19–26 However, more recent stud-

ies of cognitively impaired subjects reportedanabsenceof associations

between blood NfL and WMH, likely due to the exclusion of patients

with substantial vascular burden.13,14 Therefore, there is an unmet

need to delineate the possible individual and combined effects of brain

atrophy, CSVD, and amyloid burden on plasma NfL in populations with

a high prevalence of mixed pathologies (brain atrophy, CSVD, and Aβ
burden).4

In this study, we measured plasma NfL in a Singaporean mem-

ory clinic cohort known to have a relatively high prevalence of

concomitant amyloid and CSVD8,10,27 and studied its associations

with neuroimaging measurements of brain atrophy, CSVD, and Aβ
burden.

2 MATERIALS AND METHODS

2.1 Study population

From April 2016 to 2019, 217 participants were recruited from the

National University Hospital memory clinic and community in Singa-

pore. Control subjects were defined as having no objective cognitive

impairment (NCI) based on formal neuropsychological assessments.

Clinical diagnoses of cognitive impairment no dementia (CIND), AD

dementia, and VaD were made as previously described.27 Participants

provided detailed medical histories and underwent physical, clinical,

and neuroimaging examinations and a neuropsychological battery con-

sisting of seven cognitive domains27,28 (see Table S1 in supporting

information for component tests of each domain). Apolipoprotein E

(APOE) ε4 status was as previously described.29 Among these 217

participants, 208 participants had plasma NfL measurements avail-

able and were thus included in this study. Approval for the study

was obtained from the Singapore National Healthcare Group Domain-

Specific Review Board (2018/00996, 2015/00406, and 2015/00441).

Written informed consent was obtained for all participants prior to

recruitment.
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2.2 Plasma neurofilament light chain
measurements

Non-fasting blood was collected into tubes containing ethylenedi-

aminetetraacetic acid as anticoagulant and centrifuged at 2000g for

10 minutes at 4◦C. Plasma (approximately 2 mL) was extracted, mixed

well, andaliquoted in0.2mLaliquots thatwere stored inpolypropylene

tubes at −80◦C until use. On average, blood samples were collected

within 9 months (standard deviation [SD] = 8 months, maximum time

35 months) and 2 months (SD = 5 months, maximum time 31 months)

of MRI and amyloid PET scans, respectively. Plasma NfL wasmeasured

blinded to clinical information at the Sahlgrenska Academy at Univer-

sity of Gothenburg, Sweden on the Simoa HD-1 platform (Quanterix),

using commercially available kits (Quanterix).

2.3 Neuroimaging

2.3.1 MRI markers of brain atrophy and
cerebrovascular disease

MRI scans were performed on a 3T Siemens Magnetom Trio Tim scan-

ner, using a 32-channel head coil, at Clinical Imaging Research Centre

(CIRC) at the National University of Singapore (NUS). The sequences

included T1-weighted, fluid-attenuated inversion recovery (FLAIR),

T2-weighted, and susceptibility-weighted imaging (SWI) sequences as

previously described.30

Detailed description of the neuroimaging measures of WMH, hip-

pocampal volume, and intracranial volume is provided in supporting

information S1(a). Presence of elevated WMH (WMH+) was defined

at the cut-off of 50th percentile (median) of log-transformed WMH

volume.

The description for the visual gradings of lacunes and cerebral

microbleeds (CMBs) is found in supporting information S1(b). Medial

temporal lobe atrophy (MTA) was graded on the Scheltens’ scale,

and the presence of significant MTA or neurodegeneration (N+) was

defined by a score of≥2.31,32

2.3.2 Amyloid PET acquisition and quantification

PET imaging for brain amyloid burden was conducted at CIRC NUS

using either the [11C]Pittsburgh compound B (PiB; n = 178) or

[18F]Flutafuranol (n = 30) amyloid tracer radioligands, as previously

described.27 A comprehensive description of the amyloid PET mea-

surement is provided in supporting information S1(c).

2.4 Statistical analyses

Statistical analyses were performed using SPSS version 26 (IBM SPSS)

and R statistical software.33 Group comparisons of continuous demo-

graphic variables were performed using one-way analysis of variance

(ANOVA) with Bonferroni post hoc tests for normally distributed data,

RESEARCH INCONTEXT

1. Systematic Review: Studies of Alzheimer’s disease (AD)

have reported significant associations between blood

neurofilament light chain (NfL) and neuroimaging mea-

sures of neurodegeneration. Additionally, blood NfL has

also been correlated with neuroimaging markers of cere-

bral small vessel disease (CSVD), such as white matter

hyperintensities (WMH), in ischemic stroke and elderly

subjects without dementia. However, while there is

increasing recognition that CSVD also contribute to neu-

rodegeneration, the status of blood NfL of AD patients in

populationswith high prevalence of concomitant CSVD is

at present unknown.

2. Interpretation: Using a Singapore-based cohort of cog-

nitively impaired patients with concomitant CSVD, we

found that while individuals with either medial temporal

lobe atrophy (neurodegeneration [N]+WMH−) or WMH

(N−WMH+)manifested increasedplasmaNfL levels, par-

ticipants with both pathologies (N+WMH+) showed the

highest NfL.

3. Future Directions: The potential utility of plasma NfL in

stratifying individual and combined contributions of AD

pathology and CSVD to cognitive impairment should be

further assessed.

and non-parametric Kruskal–Wallis test with Dunn’s procedure for

skewed distributed data. Chi-square tests were used for categorical

variables. Correlation analyses were performed using Spearman’s rank

correlations. WMH volumes and plasma NfL levels were logarithmi-

cally transformed due to the skewed distribution for further analyses.

We first assessed the association between each neuroimaging mea-

sure (MTA scores, WMH volume, lacune counts, CMB counts, or Aβ
standardized uptake volume ratio [SUVR]) with blood NfL using sepa-

rate linear regressionmodels. All neuroimagingmeasureswere treated

as continuous variables in the regression analyses, with each regres-

sion model adjusted for age and sex. Next, we studied the independent

contribution of each imagingmarker to bloodNfL. For this, neuroimag-

ing measures that were significant in the aforementioned regression

analyses (all except Aβ SUVR), were entered simultaneously as inde-

pendent variables in a multiple regression model, adjusting for age

and sex. To determine the possible interactions between MTA scores

andWMH volume on blood NfL, the cross-product termMTA xWMH

was added. Subgroup analyses were also performed for the cognitively

impaired participants (CIND, AD, and VaD). Outcomemeasures for the

regression analyses were reported as mean differences (β) with the

95% confidence intervals (CI). Differences in plasma NfL among diag-

nostic groups, as well as groups stratified by N andWMH status, were

assessed using univariate general linear model, adjusted for covari-

ates, and post hoc least significant difference tests for pairwise group
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comparisons. Diagnostic performance was assessed using area under

the receiver-operating characteristic curve (AUC). AUC and 95% CIs

were computed using DeLong’s method with the pROC package. Cut-

off, sensitivity, and specificity values, as well as the respective 95%

CIs, were determined by maximizing the Youden index and bootstrap

procedures with 2000 iterations,34,35 with the cutpointr package.

Results were considered significant at P< 0.05.

3 RESULTS

3.1 Participant characteristics

Demographic data, neuroimaging, and plasma NfL measurements are

shown in Table 1. For brain atrophy, CIND, AD dementia, and VaD

subjects had significantly higher MTA scores (median [interquartile

range (IQR)] = 1 [1], 2 [2] and 2 [1], respectively) and lower hippocam-

pal volume (mean [standard deviation (SD)] = 6.3 [1.1] mL, 5.1 [0.9]

mL, and 6.1 [0.8] mL, respectively) compared to NCI (median [IQR]

MTA score = 1 [0] and mean [SD] hippocampal volume = 7.2 [0.8]

mL; P < 0.05 for all comparisons). For CSVD, CIND, AD dementia,

and VaD had significantly higher WMH volumes (median [IQR] = 4.1

[13] mL, 5.5 [11] mL, and 14.6 [18] mL, respectively) compared to NCI

(median [IQR] = 1.4 [4] mL; P < 0.05 for all comparisons). AD patients

showed the highest PiB-PET SUVR values (median [IQR] = 1.9 [0.8])

among the diagnostic groups (median [IQR] = 1.1 [0.2] to 1.2 [0.4] for

other diagnostic groups; P < 0.05 for comparisons to AD). Plasma NfL

correlated with age (rho = 0.375; P < 0.001) and sex (median

[IQR] = 28.8 [18] pg/mL for male vs. 24.4 [13] pg/mL for female;

P = 0.020), but not with APOE ε4 genotype (median [IQR] = 26.9 [17]

pg/mL in carriers vs. 24.6 [14] pg/mL in noncarriers; P = 0.49). Plasma

NfL was significantly increased in the presence of diabetes (P = 0.001;

Figure S1 in supporting information). As expected, plasmaNfLwas neg-

atively associated with cognitive performance (all P < 0.05; Table S2a

and S2b in supporting information).

Plasma NfL was significantly increased in AD dementia (median

[IQR] = 28.4 [18] pg/mL) and VaD (median [IQR] = 33.5 [29] pg/mL)

patients compared to controls (median [IQR] = 20.0 [12] pg/mL;

P≤0.001 for both comparisons usingKruskal–Wallis testwith post hoc

Dunn’s tests; Table 1). The significance remains after adjustment for

age and sex (P < 0.001 for both comparisons using univariate general

linearmodel and post hoc least significant difference tests; Figure S2 in

supporting information). There was no significant difference between

CIND andNCI (Table 1 and Figure S2).

3.2 Medial temporal lobe atrophy and white
matter hyperintensities are independently associated
with plasma NfL

Correlations between plasma NfL and each neuroimaging variable are

shown in Table S3a in supporting information. All neuroimaging vari-

ables (rho= 0.239 to 0.379; all P≤0.001), except brain amyloid burden

(rho=0.086;P=0.26), correlatedwith plasmaNfL.Next, linear regres-

sionmodelswere separately performed for each neuroimagingmarker,

adjusting for age and sex (Table S3b). In agreementwith the correlation

results, onlyMTAscores,WMHvolume,CMBs, and lacune countswere

associatedwith plasmaNfL (β=0.076, 0.121, 0.004, and 0.022, respec-

tively; allP≤0.007). PiB-PETSUVRwasnot associatedwithplasmaNfL

(β= 0.040, P= 0.27).

To assess the independent associations of the neuroimaging mark-

ers onplasmaNfL,MTA,WMH, lacunes, andCMBswereentered simul-

taneously as independent variables into a linear regression model. In

this combined regression model (Table 2), after adjustment for age

and sex, MTA scores and WMH volume were independently associ-

ated with plasma NfL, both in the combined cohort (MTA: β = 0.062;

P = 0.001 and WMH: β = 0.082; P = 0.009) and cognitively impaired

subgroup (MTA: β= 0.047; P= 0.017 andWMH: β= 0.085; P= 0.011).

The independent effects of CMBs and lacunes counts did not reach sta-

tistical significance (CMBs: β= 0.002; P= 0.14 and lacunes: β= 0.005;

P= 0.57).

In a subset of participants (n = 177) with hippocampal volume

available, we repeated the analyses above with hippocampal volume

instead of MTA (Tables S4 and S5 in supporting information). Similar

to our aforementioned findings, hippocampal volume and WMH vol-

ume were independently associated with plasma NfL in the multiple

regression model, both in the combined cohort (hippocampal volume:

β=−0.051; P< 0.001 andWMH: β= 0.092; P= 0.003) and cognitively

impaired subgroup (hippocampal volume: β = −0.044; P = 0.002 and

WMH: β = 0.097; P = 0.003). The congruity of results obtained using

both semi-quantitative MTA scores and quantitative hippocampal

volumemeasurements further supports associations betweenmarkers

of neurodegeneration and elevated plasmaNfL.

3.3 Significant interaction between MTA scores
and WMH volume on plasma NfL

A significant interactionwas observed betweenMTA scores andWMH

volume on plasma NfL (Table 3; P = 0.037 and 0.042 for interaction

term in all subjects and cognitively impaired subgroup, respectively). To

further examine this interaction, we assessed the association between

MTA and WMH on plasma NfL within tertiles of NfL (Table S6 in sup-

porting information). A significant interactionMTA xWMH, P= 0.033,

was observed only among individuals in the highest tertile of NfL.

3.4 Plasma NfL differences in groups stratified by
neurodegeneration and white matter hyperintensities
status

Demographic data, neuroimaging, and plasma NfL measurements of

the groups stratified by N and WMH status are shown in Table S7

in supporting information. In the entire cohort, after adjustment for

age and sex, plasma NfL levels were increased in N+WMH− and

N−WMH+ groups compared to N−WMH− group (P = 0.037 and

0.007, respectively; Figure 1, Figure S3a, Table S8a and S8b in sup-

porting information). This corroborates the regression results, which
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TABLE 1 Demographic and clinical characteristics

NCI CIND AD VaD P-value

Maximum n 43 99 44 22

Demographic factors

Age, yr, mean (SD) 74 (6) 76 (6) 77 (8) 75 (9) 0.352

Female, n (%) 27 (63) 50 (51) 34 (77)b 8 (36)c 0.004

Education, yr, mean (SD) 10 (5) 8 (5) 6 (5)a,b 5 (4)a <0.001

APOE ε4 carrier, n (%) 9 (21) 26 (26) 18 (41) 6 (27) 0.187

Vascular risk factors

Hypertension, n (%) 29 (67) 73 (74) 33 (75) 20 (91) 0.232

Hyperlipidemia, n (%) 33 (77) 72 (73) 27 (61) 18 (82) 0.258

Diabetes, n (%) 7 (16) 32 (32) 10 (23) 8 (36) 0.163

Smoker, n (%) 3 (7) 4 (4) 0 (0) 3 (14) 0.088

Intracranial volume, mL, median (IQR) 1054 (158) 1078 (164) 1049 (112) 1074 (177) 0.640

Brain atrophy

Medial temporal lobe atrophy scores, median (IQR) 1 (0) 1 (1)a 2(2)a,b 2(1)a <0.001

Hippocampal volume, mL, mean (SD) 7.2 (0.8) 6.3 (1.1)a 5.1 (0.9)a,b 6.1 (0.8)a,c <0.001

N+, n (%) 6 (14) 40 (40)a 30 (68)a,b 13 (59)a <0.001

Cerebral small vessel disease

Whitematter hyperintensities (WMH) volume, mL, median (IQR) 1.4 (4) 4.1 (13)a 5.5 (11)a 14.6 (18)a <0.001

WMH+, n (%) 12 (28) 51 (52) 26 (61)a 14 (67)a 0.005

Cerebral microbleeds count, median (IQR) 0 (2) 0 (1) 1 (3) 1 (6) 0.184

Lacunes count, median (IQR) 0 (0) 0 (1) 0 (0) 2 (3)a,b,c <0.001

Brain amyloid burden

PiB-PET SUVR, median (IQR) 1.1 (0.2) 1.2 (0.4) 1.9 (0.8)a,b 1.1 (0.3)c <0.001

PlasmaNfL, pg/mL, median (IQR) 20.0 (12) 24.6 (15) 28.4 (18)a 33.5 (29)a,b <0.001

Notes: P-values are derived from chi-square tests for categorial variables, and from one-way analysis of variance with post hoc Bonferroni test or Kruskal–

Wallis test with post hoc Dunn’s procedure and Bonferroni correction for multiple comparisons, for normally distributed or skewed continuous variables,

respectively. N+ was defined by medial temporal atrophy score ≥2. For WMH+, the cut-off for log-transformed WMH volume was at the 50th percentile.

Diabetes status was available for 207 participants. Intracranial volume data was available for 178 participants. Hippocampal volume was available for 177

participants.WMHvolume data were available for 206 participants. CMB count data were available for 178 participants. PiB-PET SUVR data were available

for 177 participants.

Abbreviations: AD, Alzheimer’s disease; APOE, apolipoprotein E; CIND, cognitive impairment no dementia; CMB, cerebral microbleed; IQR, interquartile

range; N, neurodegeneration; NCI, no cognitive impairment; NfL, neurofilament light chain; PET, positron emission tomography; PiB, Pittsburgh compoundB;

SD, standard deviation; SUVR, standardized uptake value ratio; VaD, vascular dementia;WMH, whitematter hyperintensities.
aSignificantly different fromNCI.
bSignificantly different fromCIND.
cSignificantly different fromAD.

indicated the independent effects of MTA scores and WMH volume

on plasma NfL. Notably, the NfL levels were highest in the presence

of both pathologies, namely N+WMH+, compared to the other groups

(P ≤ 0.003 compared to N−WMH−, N−WMH+, and N+WMH−,

respectively; Figure 1 and Figure S3a). Similar trends were noted after

further adjustment for cognitive status (two-level variable: NCI vs.

CIND + dementia), except that the difference between N+WMH−

and N+WMH+ groups was at the margin of statistical significance

(P = 0.054; Figure S3b and Table S8c). We have also adjusted for

cognitive status as a three-level variable (NCI vs. CIND vs. dementia;

Figure S3c and Table S8d). Plasma NfL remained significantly higher in

N−WMH+ and N+WMH+ compared to N−WMH−. The N+WMH+

group had increased NfL levels compared to N+WMH−, but not with

N−WMH+.

To test the utility of plasma NfL in distinguishing between sub-

jects with and without neurodegeneration and/or WMH pathology

status, we applied a receiver operating characteristic curve analysis

(Table 4). The highest AUC of 0.798 was obtained for distinguishing

between N+WMH+ and N−WMH− groups, at a cut-off of 26.2 pg/mL

for plasmaNfL levels. PlasmaNfL also detected individualswith at least

onepathology (N−WMH+, N+WMH−, andN+WMH+ vs.N−WMH−)

with an AUC of 0.715, at a lower cut-off of 19.3 pg/mL for plasma NfL

levels. Similar AUC was obtained for detecting individuals with both

pathologies (N+WMH+ vs. N−WMH+, N+WMH−, and N−WMH−),
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TABLE 2 Independent associations of neuroimagingmarkers with plasmaNfL

PlasmaNfLa (outcome)

All subjects (n= 178) Cognitively Impaired (n= 151)

Neuroimagingmarkers β coefficient 95%CI P-value β coefficient 95%CI P-value

Model 1

Medial temporal lobe atrophy

scores

0.085 (0.049, 0.121) <0.001 0.064 (0.024, 0.104) 0.002

Whitematter hyperintensities

volumea
0.102 (0.037, 0.166) 0.002 0.097 (0.029, 0.165) 0.006

Cerebral microbleeds count 0.000 (−0.002, 0.003) 0.711 0.000 (−0.002, 0.003) 0.811

Lacunes count 0.004 (−0.014, 0.021) 0.686 0.004 (−0.014, 0.022) 0.680

Model 2

Medial temporal lobe atrophy

scores

0.062 (0.028, 0.097) 0.001 0.047 (0.009, 0.086) 0.017

Whitematter hyperintensities

volumea
0.082 (0.021, 0.142) 0.009 0.085 (0.020, 0.150) 0.011

Cerebral microbleeds count 0.002 (−0.001, 0.004) 0.137 0.002 (−0.001, 0.004) 0.184

Lacunes count 0.005 (−0.012, 0.021) 0.574 0.003 (−0.014, 0.020) 0.722

Notes: Analysis performed in a subcohort of 178 individuals in which all neuroimaging measures were available. To assess the independent contribution of

each imaging-based brain atrophy (MTA scores) or CSVD marker (WMH, CMBs, and lacunes) on plasma NfL, all the neuroimaging markers were entered

simultaneously as independent variables in the linear regression model (Model 1), and further adjusted for age and sex (Model 2), as stated below. β, mean

difference.

Model 1: Independent variables: MTA scores,WMHvolume, CMB count, and lacunes count.

Model 2: Independent variables: MTA scores,WMHvolume, CMB count, lacunes count, age, and sex.

Interpretation:

MTA scores: For every unit increase inMTA scores, the log10 [plasmaNfL] will increase by β unit.
WMH volume: For every 1% increase inWMHvolume, the [plasmaNfL] will increase by β%.
aLog-transformed.

Abbreviations: CI, confidence interval; CMB, cerebral microbleed; CSVD, cerebral small vessel disease; MTA, medial temporal lobe atrophy; NfL,

neurofilament light chain;WMH, whitematter hyperintensities.

TABLE 3 Association of brain atrophy andWMHburdenwith plasmaNfL in amodel with the interaction termmedial temporal lobe atrophy
(MTA) score xWMH

PlasmaNfLa (outcome)

All subjects (n= 206) Cognitively impaired (n= 163)

Neuroimagingmarkers β coefficient 95%CI P-value β coefficient 95%CI P-value

Model 1 (without interaction term)

MTA score 0.063 (0.030, 0.096) <0.001 0.049 (0.011, 0.088) 0.012

WMHvolumea (WMH) 0.097 (0.045, 0.149) <0.001 0.099 (0.039, 0.158) 0.001

Model 2 (with interaction termMTA

xWMH)

MTA score 0.113 (0.056, 0.171) <0.001 0.114 (0.041, 0.187) 0.002

WMHvolumea (WMH) 0.211 (0.092, 0.330) 0.001 0.240 (0.092, 0.388) 0.002

Notes: Analysis performed in a subcohort of 206 individuals in which MTA scores and WMH volume data were available. In Model 1, both MTA and WMH

were entered simultaneously as independent variables in the linear regression models and adjusted for age and sex. In Model 2, the significant interaction

termMTA xWMH (P= 0.037 and 0.042 in all subjects and cognitively impaired subjects, respectively) was added. β, mean difference.

Model 1: Independent variables: MTA scores,WMHvolume, age, and sex.

Model 2: Independent variables: MTA scores,WMHvolume,MTA xWMH, age, and sex.

Interpretation:

MTA scores: For every unit increase inMTA scores, the log10 [plasmaNfL] will increase by β unit.
WMH volume: For every 1% increase inWMHvolume, the [plasmaNfL] will increase by β%.
aLog-transformed.

Abbreviations: CI, confidence interval; MTA, medial temporal lobe atrophy; NfL, neurofilament light chain;WMH, whitematter hyperintensities.
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TABLE 4 AUROC analyses of plasmaNfL

AUC

(95%CI)

Cut-off in pg/mL

(95%CI)

Sensitivity

(95%CI)

Specificity

(95%CI)

N−WMH− vs. N+WMH−, N−WMH+, and N+WMH+

(at least 1 pathology)

0.715

(0.641, 0.789)

19.3

(18.9, 37.1)

82.4%

(33.6%, 88.7%)

51.6%

(43.9%, 96.7%)

N−WMH−, N+WMH−, and N−WMH+ vs. N+WMH+

(2 pathologies)

0.715

(0.631, 0.800)

29.0

(26.3, 31.2)

70.8%

(61.7%, 89.5%)

71.5%

(56.8%, 78.4%)

Notes: AUC and 95%CI were derived fromDeLong test. Cut-off, sensitivity and specificity, alongwith respective 95%CI, were determined bymaximizing the

Youden index and bootstrap procedures of 2000 iterations. N+was defined bymedial temporal atrophy score≥2. ForWMH+, the cut-off for log transformed

WMHvolumewas at the 50th percentile.

Abbreviations: AUC, area under the curve; AUROC, area under the receiver operating characteristic curve; CI, confidence interval; N, neurodegeneration;

NfL, neurofilament light chain;WMH, whitematter hyperintensities.

F IGURE 1 Plasma neurofilament light chain (NfL) across groups
stratified by neurodegeneration (N) andwhite matter hyperintensities
(WMH) status in 203 participants. N+was defined bymedial temporal
atrophy score≥2. ForWMH+, the cut-off for log transformedWMH
volumewas at the 50th percentile. The graph shows the unadjusted
mean and standard error mean (SEM). The group differences were
assessed with univariate general linear model using log-transformed
plasmaNfL levels, adjusted for age and sex, with P-values representing
least significant difference tests (post hoc) for pairwise group
comparisons. For better visualization of the differences among the
groups, three outlying participants (one fromN−WMH+, two from
N+WMH−) were excluded from the graph and analysis (although the
comparisons above remained significant even after inclusion of the
three individuals, see Figure S2a in supporting information).
Compared to N−WMH−, the partial eta squared for N−WMH+,
N+WMH−, and N+WMH+ are 0.036, 0.022, and 0.138, respectively

but at a higher cut-off of 28.9 pg/mL. These results suggest that

specific appropriate cut-offs for plasmaNfLmaybeuseful in identifying

individuals withmixed pathologies in the brain.

4 DISCUSSION

Using data from a Singaporean cohort across the cognitive spec-

trum (NCI, CIND, AD, and VaD) with comprehensive neuroimaging

assessments, we explored the associations of brain atrophy, AD, and

CSVD pathologies with plasma NfL. Our main findings include: (1)

plasma NfL increases in both AD dementia and VaD patients; (2)

independent, positive associations between brain atrophy/WMH bur-

den and plasma NfL; and (3) significant increases of plasma NfL in

the N+WMH− and N−WMH+ groups compared to the N−WMH−

group. Additionally, plasma NfL levels were found to be highest in

the presence of both pathologies (N+WMH+). Taken together, our

results suggest that elevated plasma NfL may be reflective of changes

in vascular disease pathology (specifically the presence and progres-

sion of WM lesions, see Figure S4 in supporting information), as

well as neurodegenerative changes (such as medial temporal atro-

phy). The further elevation of plasma NfL in the N+WMH+ group

implies that NfL may have utility in identifying individuals with

mixed pathologies in the brain with the use of appropriate cut-offs

(Table 4).

Our findings of significant associations between plasma NfL and

the individual MRI markers of brain atrophy and CSVD (Tables S3 and

S4) are corroborated by previous studies.4,13,14,19–26 Importantly, in

a combined regression model, we showed that MTA and WMH were

independently associated with plasma NfL (Table 2). To the best of

our knowledge, this is the first Asian-based study of peripheral NfL

in both AD and vascular cognitive impairment. This has important

bearing on the potential utility of NfL as a biomarker for clinically rel-

evant outcomes in populations with significant baseline CSVD burden.

This is contrasted with Western cohorts in which neurodegenerative

changes seem to be the dominant driver of plasma NfL increase.13,14

Furthermore, with increasing appreciation that CVSD and other vas-

cular pathologies also manifest with concomitant neurodegeneration,

these results also indicate that plasma NfL could reflect both non-

vascular and vascular pathological correlates of neurodegeneration

in mixed disease. In the former, neuroaxonal loss may be associated

with accumulation of protein aggregates (e.g., NFTs) in neurodegen-

erative diseases.13,14,36,37 In the latter, active CSVD leads to reduced

cerebral blood flow and chronic hypoperfusion of WM, culminating in

neuroinflammation, demyelination, and axonal loss (WM lesions),38–40

and likely resulting in prolongedNfL release into theperiphery.Overall,

our results corroborate the general consensus that blood NfL reflects

the severity of neuroaxonal damage, which may be caused by diverse

pathological processes.
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Besides AD, serum NfL was reported to be elevated in ischemic

small vessel stroke patients during both the acute phase and 6 months

post-stroke.23,41,42 The prolonged release of NfL into the blood after

acute neuronal injury may be due to active progression of CSVD,

which may in turn predict recurrent stroke/death25 or new vascular

lesions23,41 at follow-up. In line with this, studies on non-demented

elderly demonstrated associations between higher baseline plasma

NfL and incident stroke43 or longitudinal progression ofWMH.22 How-

ever, these studies could not rule out the contribution of underlying

neurodegenerative processes that may influence blood NfL levels. In

this regard, we showed that plasma NfL levels were significantly ele-

vated in elderly participants with higher WMH burden, even in the

absence of significant brain atrophy (e.g., N−WMH+). The elevated

plasma NfL in these N−WMH+ individuals could be due to expand-

ing WM lesions, supporting the potential utility of plasma NfL as a

prognostic marker for active, progressive CSVD.

There is evidence suggesting potential associations between plasma

NfL and diabetes status or blood glucose levels,44–46 potentially

through diabetic neuropathy, which is associated with increased

plasma NfL concentration.46 Here, we reported significant plasma NfL

increases in participants with diabetes (Figure S1). Therefore, in addi-

tion to age and sex, we included diabetes status as a covariate in

regression analyses (Tables S5, S9, and Figure S3d in supporting infor-

mation). Briefly, further adjustments for diabetes status did not change

the significance of our results, except for the comparison between

N+WMH− (n = 39) and N+WMH+ (n = 48), which was approaching

statistical significance (P= 0.077). This suggests that our observations

were independent of diabetes status.

Blood NfL has been proposed as a screening tool to identify

individuals with ongoing neurodegeneration in neurodegenerative

disorders.15,47 Based on current findings, we further propose that NfL

may be useful in elderly populations with high prevalence of mixed

pathologies, with the highest cut-off (e.g., 29.0 pg/mL) indicating both

vascular and degenerative changes, and intermediate cut-off (e.g., 19.3

pg/mL) indicating at least one pathology. Future studies of biomarker

utility may include blood NfL as part of a multi-marker panel, along

with other putative blood AD biomarkers11 in stratifying risks of AD

dementia and/or vascular cognitive impairment.

Our study’s strengths include the use of comprehensive neuropsy-

chological assessments to properly diagnose cognitive impairment and

dementia, as well as the availability of well-established neuroimaging

measurements for amyloid pathology, medial temporal atrophy, and a

range of CSVD. Furthermore, we have considered possible confound-

ing effects of demographic characteristics andvascular risk factors that

may affect the results. However, several limitations are also apparent.

First, we do not yet have PET or CSFmeasurements for tau, and there-

fore could not determine the associations between these parameters

and plasma NfL. The current state of knowledge regarding associa-

tions between brain amyloid and plasma NfL is ambiguous, with some

recent studies showing significant associations13,48 but not others49,50

(including the present one). Instead, the other major neuropatholog-

ical hallmark of AD, namely NFT, may be more closely related with

neuronal loss and consequently plasma NfL.51,52 Next, we recog-

nize that the maximum interval between blood collection and MRI is

substantial (35 months). However, because only a small proportion

(≈6%) has an interval of more than 24 months, the conclusions from

this study remain conceivable. In this study, the 50th percentile

(median) cut-off for WMH volume was performed to classify the par-

ticipants into “low” and “high” WMH load. This binarization approach

has previously been adopted by us and others forWMHvolume aswell

as other biomarkers.5–7 We understand that the exact cut-off values

may differ across cohorts depending on the severity and prevalence

of WMH burden, and the use of median cut-offs may therefore not

be generalizable. However, because there is no current consensus on

established cut-offs for WMH volume, we propose that a median cut-

off remains an unbiased method for dichotomization to observe any

potential differences between the groups. While differences in plasma

NfL across groups stratified by N and WMH status were statistically

significant, the magnitude of differences was small, thus warranting

further validation in bigger independent cohorts. The cross-sectional

design of this study does not allow for the examination of the tem-

poral associations between plasma NfL and the progression of brain

atrophy as well as WMH burden, necessitating follow-up longitudinal

studies. Given that the blood–brain barrier (BBB)may be compromised

in dementia,53 future study may explore the contributing effects of

BBBpermeability on plasmaNfL alterations. Finally, plasmaNfL cannot

differentiate between central and peripheral neuroaxonal injury, which

is a problem inherent to the general expression of this protein in both

central and peripheral nerves.54

In conclusion, in elderly populations with high prevalence of CSVD

burden, plasma NfL may reflect both neurodegenerative and vascular

pathologies (specificallyWMH). PlasmaNfL should be further assessed

for its potential utility in stratifying independent and combined contri-

butions of AD and CSVD in patients with cognitive impairment.
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