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Abstract.

Background: Alzheimer’s disease (AD) and behavioral variant frontotemporal dementia (bvFTD) show differential vulnera-
bility to large-scale brain functional networks. Plasma neurofilament light (NfL), a promising biomarker of neurodegeneration,
has been linked in AD patients to glucose metabolism changes in AD-related regions. However, it is unknown whether plasma
NfL would be similarly associated with disease-specific functional connectivity changes in AD and bvFTD.

Objective: Our study examined the associations between plasma NfL. and functional connectivity of the default mode and
salience networks in patients with AD and bvFTD.

Methods: Plasma NfL and neuroimaging data from patients with bvFTD (n=16) and AD or mild cognitive impairment
(n=38; AD+MCI) were analyzed. Seed-based functional connectivity maps of key regions within the default mode and
salience networks were obtained and associated with plasma NfL in these patients.
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Results: We demonstrated divergent associations between NfL and functional connectivity in AD + MCI and bvFTD patients.
Specifically, AD + MCI patients showed lower default mode network functional connectivity with higher plasma NfL, while
bvFTD patients showed lower salience network functional connectivity with higher plasma NfL. Further, lower NfL-related
default mode network connectivity in AD + MCI patients was associated with lower Montreal Cognitive Assessment scores
and higher Clinical Dementia Rating sum-of-boxes scores, although NfL-related salience network connectivity in bvFTD
patients was not associated with Neuropsychiatric Inventory Questionnaire scores.

Conclusions: Our findings indicate that plasma NfL is differentially associated with brain functional connectivity changes

in AD and bvFTD.

Keywords: Alzheimer’s disease, behavioral variant frontotemporal dementia, plasma neurofilament light, resting state func-

tional connectivity

INTRODUCTION

Alzheimer’s disease (AD) and behavioral variant
frontotemporal dementia (bvFTD) are among the
most common causes of dementia particularly in
individuals below 65 years of age [1]. AD is char-
acterized by gradual memory loss and impairments
in other cognitive domains including language, visu-
ospatial, and executive function [2] with little changes
in social-emotional functioning [3, 4]. In contrast,
bvFTD is associated with changes in personality
including social disinhibition, apathy, loss and empa-
thy and compulsive behaviors, but relatively intact
episodic memory [5]. Efforts in developing effec-
tive disease-modifying treatments for AD and bvFTD
have limited success, attributed in part to treat-
ments targeting patients that are misdiagnosed, or too
advanced in the disease [6—8]. Further, although AD
and bvFTD have relatively distinct clinical profiles,
differential diagnosis remains a challenge in some
patients who show atypical or overlapping symptoms
[9]. As such, identifying biomarkers that can detect
early disease changes, track disease progression and
differentially diagnose dementia subtypes is a crucial
goal in dementia research.

Neurofilament light chain (NfL) is an abundant
intermediate filament protein in myelinated axons
that is heavily involved in the assembly and main-
tenance of the neuronal cytoskeleton [10]. Injury to
central nervous system axons results in the release of
NfL into the cerebrospinal fluid (CSF) and eventually
the blood. This resulting increase in concentration
of NfL in CSF and blood can therefore be used to
track neurodegeneration in the brain [11]. In recent
years, there has been growing interest in the use of
CSF and blood NfL as biomarkers for early detec-
tion and tracking progression of neurodegenerative
diseases, including AD and bvFTD. In particular,

blood-based biomarkers are highly attractive due to
its accessibility and low cost [12]. The development
of ultrasensitive single molecule array (SIMOA)
technology has enabled reliable measurement of NfL.
in the blood, even in the range of healthy individuals.
Higher levels of plasma and serum levels of NfL are
highly correlated with CSF NfL levels [13], and have
been associated with neurodegeneration and disease
progression in AD and bvFTD [14-19]. However,
there remains few studies examining its association
with neuroimaging markers of brain structure and
function (e.g., [15, 16, 20, 21-25]).

Resting state functional connectivity, which mea-
sures the temporal synchrony between low frequency
blood-oxygen level dependent (BOLD) signal fluctu-
ations from functional magnetic resonance imaging
(fMRI) under task-free settings, is a promising
neuroimaging biomarker for detecting early brain
alterations in neurodegenerative diseases [26, 27].
It has been demonstrated that different neurodegen-
erative diseases show differential vulnerability in
large-scale brain networks [28], with AD targeting
the default mode network, a task-negative network
anchored in the posterior cingulate cortex, precuneus
and medial prefrontal cortex that is associated with
episodic memory [29, 30], and bvFTD targeting the
salience network, a task-positive network comprising
the anterior cingulate cortex and anterior insula that is
linked to the detection and processing of salient stim-
uli such as emotional events [31, 32]. Intriguingly,
AD and bvFTD have been demonstrated to show
divergent functional network changes that are in line
with their relatively opposing symptom-deficit pro-
files. AD patients showed disruptions in functional
connectivity and network topology of the default
mode network [33, 34], while bvFTD patients showed
aberrant functional connectivity and network topol-
ogy in the salience network [35-37]. Furthermore,
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such functional disruptions in the default mode and
salience network have been associated with worse
cognitive function and neuropsychiatric symptoms
respectively [35, 36], mirroring the characteristic
memory deficits in AD and social-emotional deficits
in bvFTD. These findings thus highlight the poten-
tial utility of using fMRI for differential diagnoses of
neurodegenerative diseases.

To our knowledge, no study has yet compared
associations between NfL and functional connec-
tivity in these two groups. A recent study in mild
cognitive impairment patients (MCI) showed that
higher baseline plasma NfL was associated with
hypometabolism in cortical regions within the default
mode network [38], suggesting that changes in
plasma NfLL may be linked to alterations in cir-
cumscribed brain networks in AD. Our study thus
sought to examine the associations between plasma
NfL and functional connectivity in patients with
AD and bvFTD, which could shed light on the
neural mechanisms underlying AD and bvFTD as
well as guide future research and development of
biomarkers that can track disease progression and
differentiate between diagnostic groups. Given evi-
dence of divergent functional connectivity changes
in these two diseases as well as some evidence
of the disease-specific effects of plasma NfL on
functional connectivity in AD [38], we hypothe-
size that differential associations between NfL and
functional connectivity in AD and bvFTD would
be similarly observed, with AD patients showing
lower default mode network functional connectiv-
ity with higher plasma NfL, and bvFTD patients
showing lower salience network functional con-
nectivity with higher plasma NfL. Further, we
predict that these NfL-related functional connectivity
changes would be linked to changes in dis-
ease severity, global cognition and neuropsychiatric
symptoms.

MATERIALS AND METHODS
Farticipants

80 AD or mild cognitive impairment (MCI) and 37
bvFTD participants were recruited from the memory
clinics at National Neuroscience Institute, Singapore
between 2015 and 2018. This study was approved
by the SingHealth Institutional Ethics Review Board
and written informed consent was obtained from each
participant prior to recruitment into the study. All
patients underwent neurological examination, cogni-

tive assessment, structural and functional brain MRI,
and met consensus diagnostic criteria for MCI [39],
mild AD type dementia [2] and bvFTD [5] by neu-
rologists specialized in dementia. For patients with
available CSF data, AD-specific biomarkers (such
as AP, total and phosphorylated tau) were taken
into consideration for clinical diagnosis of AD and
separation of cases into the appropriate clinical diag-
nostic groups. In this study, only MCI patients with
biomarker evidence of AD on CSF (if available),
or evidence of AD-like neurodegeneration on imag-
ing such as medial temporal atrophy were included.
Patients with other neurodegenerative diseases such
as Parkinson’s disease, significant cerebrovascular
disease (e.g., prior stroke and/or cerebral amyloid
angiopathy), psychiatric comorbidities, MCI of other
type, as well as a history of alcohol or drug abuse
were excluded.

Global cognition was measured using the Mini-
Mental State Examination (MMSE) and Montreal
Cognitive Assessment (MoCA). Neuropsychiatric
and behavioral symptoms were assessed by the
Neuropsychiatric Inventory questionnaire (NPI-Q)
[40], which measures the presence and severity of
12 neuropsychiatric symptom domains: delusions,
hallucinations, agitation, depression, anxiety, eupho-
ria, apathy, disinhibition, irritability, motor behavior,
night behavior and appetite. Disease severity was also
assessed in a subset of participants using the Clini-
cal Dementia Rating sum-of-boxes (CDR SOB) score
[41] for AD +MCI patients and the Frontotempo-
ral Lobar Degeneration-modified Clinical Dementia
Rating sum-of-boxes (FTLD-CDR SOB) score [42]
for bvFTD patients. Participants underwent an MRI
scan within six months of clinical and cognitive eval-
uation. We only analyzed participants with complete
demographic data, plasma NfLL and good quality
MRI, resulting in 16 bvFTD and 38 AD and MCI
(AD +MCI) participants included in this study (see
Table 1 for participants’ demographic and clini-
cal characteristics). Of the 16 bvFTD participants,
one participant was positive for a pathogenic length
C9orf72 expansion (70 repeats), while the remain-
ing cases did not have bvFTD-related mutations (in
MAPT, GRN, and others). A subset of 23 participants
(5 bvFTD, 18 AD+MCI) also completed a lumbar
puncture and had CSF A3, total and phosphorylated
tau protein data which were obtained in accordance
with previous work [43].

Additionally, neuroimaging data from 31 healthy
controls (mean age=55.42 (7.08) years, 15 males)
recruited at National Neuroscience Institute, Sin-
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Participant demographic and clinical characteristics

AD +MCI (n=38) bvFTD (n=16) p!

Age (Mean (SD)) 59.05 (5.01) 61.5(5.15) 0.141
Education (y) (Mean (SD)) 11.47 (3.80) 9.75 (4.40) 0.151
Sex (M/F) 5/11 0.150
Handedness (R/L/RL) 16/0/0 0.242
Plasma NfL (Mean (SD)) 18.39 (14.81) 32.91 (19.66) 0.001*
CSF AB42 (Mean (SD))* 595.39 (301.69) (n=18) 821.40 (194.05) (n=5) 0.012*
CSF t-tau (Mean (SD))? 717.11 (529.90) (n=18) 276.40 (87.16) (n=5) 0.060
CSF p-tau (Mean (SD))* 89.11 (52.05) (n=18) 40.00 (10.61) (n=5) 0.031*
Disease duration (y) (Mean (SD)) 1.29 (2.02) (n=35) 2.54 (2.50) (n=13) 0.013*
Age of disease onset (y) (Mean (SD)) 57.74 (5.67) (n=35) 60.23 (3.47) (n=13) 0.227
MMSE (Mean (SD)) 22.68 (6.28) 22.81 (6.64) 0.955
MoCA (Mean (SD)) 20.16 (6.87) 19.38 (7.04) 0.589
CDR Global (Mean (SD)) 0.76 (0.50) (n=17)

CDR SOB (Mean (SD))

FTLD-CDR SOB (Mean (SD))

NPI total severity (Mean (SD))

NPI total caregiver distress (Mean (SD))

3.69 (3.31) (n=16)

391 (3.1;) (n=22)
4.68 (4.24) (n=22)

0.82 (0.54) (n=14) 0.736

6.11 (3.82) (n=14) -
7.62 (5.64) (n=13) 0.083
9.77 (9.01) (n=13) 0.110

I Differences in continuous variables between AD +MCI and bvFTD groups were examined using Wilcoxon rank sum tests,
while differences in categorical variables (sex, handedness) between AD+MCI and bvFTD groups were examined using

ko

chi squared tests.

represents significant difference between bvFTD and AD + MCI groups (p <0.05). *CSF samples were

available in 23 out of 54 patients. AP4y, amyloid- 1-42; t-tau, total tau; p-tau, phosphorylated tau 181; AD, Alzheimer’s
disease; MCI, mild cognitive impairment; bvFTD, behavioral variant frontotemporal dementia; M, male; F, female; R, right;
L, left; NfL, neurofilament light; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; CDR
Global, Clinical Dementia Rating global score; CDR SOB, Clinical Dementia Rating sum-of-boxes score; FTLD-CDR SOB,
Frontotemporal Lobar Degeneration-modified Clinical Dementia Rating sum-of-boxes score; NPI, Neuropsychiatric Inventory.

gapore [35] was used to generate functional
connectivity network masks. All controls were free
of significant neurological, psychiatric, or systemic
disease.

Image acquisition

T1-weighted magnetization-prepared rapid acqui-
sition gradient echo (MPRAGE) and T2*-weighted
task-free functional magnetic resonance imaging
(fMRI) sequences were acquired from participants at
the Centre for Cognitive Neuroscience, Duke-NUS
Medical School using a 20-channel head coil on a
3 Tesla Siemens Magnetom Prisma Fit scanner. The
imaging parameters were as follows: 1) T1-weighted
MPRAGE: 5 minutes, repetition time=2300m:s,
echo time=2.98 ms, inversion time=900ms, flip
angle=9°, voxel size=1.0mm isotropic, field of
view =256 x 256 mm?); 2) T2* -weighted task-free
fMRI: 8 minutes, echo planar sequence, 36 axial
slices, repetition time =2000 ms, echo time =30 m:s,
flip angle =90°, voxel size = 3.0 mm isotropic, field of
view = 192 x 192 mm?, interleaved collection). For
the fMRI sequence, participants were instructed to
fixate at a white crosshair in the center of a black
screen.

Plasma NfL measurements

EDTA blood was centrifuged at 1,800 g for 10 min
within 1h after collection. Plasma was aliquoted
and stored at —80°C until use. Plasma NfL levels
were measured using ultrasensitive single molecule
array (Simoa) Human NfL assay on a Simoa HD-1
Analyzer (Quanterix, MA), according to the man-
ufacturer’s protocol. All samples were measured
blinded. Coefficient of variation of samples measured
in duplicates was <10%. Two quality-control samples
with high and low NfL concentrations, provided in
the kit, were measured in each run and were in the
expected range. As the distribution of plasma NfL.
was skewed, log transformation of the plasma NfL
values was done, and these values were used in all
subsequent analysis involving plasma NfL.

Image preprocessing

Functional imaging

Task-free fMRI images were preprocessed follow-
ing previous procedures [44, 45] using the FMRIB
(Oxford Centre for Functional MRI of the Brain)
Software Library (FSL) [46] and Analysis of Func-
tional Neurolmages software [47]. The preprocessing
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protocol included the following steps: 1) removal of
first five volumes to allow for magnetic field stabi-
lization; 2) motion and slice time correction; 3) time
series despiking; 4) grand mean scaling; 5) spatial
smoothing using a 6 mm Gaussian kernel, 6) tem-
poral band-pass filtering (0.009 — 0.1 Hz); 7) linear
and quadratic detrending; 8) co-registration of T1-
weighted image using boundary based registration
followed by non-linear registration of fMRI image
to Montreal Neurological Institute (MNI) 152 space
using FSL FNIRT; and 9) regression of nine nuisance
signals (white matter (WM), CSF, global signal and
six motion parameters). In particular, CSF and WM
nuisance signals were calculated by extracting the
mean fMRI time series from CSF and WM masks,
which were created using the following steps: 1)
segmentation of the T1-weighted image in native T1-
weighted space to grey matter (GM), WM and CSF
using FSL FAST, 2) registration of CSF and WM seg-
ments (obtained from segmentation of T1-weighted
images) in T1-weighted space to fMRI space, 2)
smoothing of CSF and WM images in fMRI space
using a 6 mm full-width-at-half-maximum gaussian
kernel, 3) registration of smoothed WM and CSF
images in fMRI space to MNI152 space, 4) mask-
ing the smoothed WM and CSF images in standard
MNI152 space with WM and CSF priors respectively
to retain only voxels within the priors, 5) registration
of masked WM and CSF images back to native fMRI
space, and finally, 6) thresholding and binarizing of
masked WM and CSF images in fMRI space, fol-
lowed by masking the images with a brain mask to
retain only voxels within the brain.

Structural imaging

Voxelwise grey matter volume probability maps
were obtained from structural T1-weighted images
using voxel-based morphometry (VBM) via the
computational anatomy toolbox (CAT12 Structural
Brain Mapping Group; http://Wwww.neuro.uni-
jena.de/cat/) for Statistical Parametric Mapping
(SPM12; Wellcome Trust Centre for Neuroimaging;
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/).
For the VBM procedure, a study-specific template
was first created using the following steps: 1) bias
correction and affine registration of T1-weighted
images to the default ICBM (MNI152) template,
followed by segmentation of images into GM, WM
and CSF using unified SPM segmentation [48];
2) affine registration of GM and WM segments
obtained in the previous step to the tissue probability
maps; 3) creation of the study-specific template from

these affine-registered GM and WM segments using
DARTEL (Diffeomophic Anatomical Registration
Through Exponentiated Lie Algebra) [49], which
estimates deformations that best align the images
together by iteratively registering these images with
their averaged image, then updating the template
by applying the inverse deformation to the images
and averaging; and finally, 4) normalizing the
study-specific template to the ICBM (MNI152)
template space. VBM was then performed using the
study-specific DARTEL template as follows: 1) bias
correction and affine registration of T1-weighted
images to the default ICBM (MNI152) template;
2) initial segmentation of images into GM, WM
and CSF using unified SPM segmentation [48]; 3)
subsequent segmentation using adaptive Maximum
A Posterior approach which does not rely on tissue
priors [50]; 4) registration of GM and WM proba-
bility maps to the study-specific template in [CBM
(MNI152) space; 5) multiplication (modulation) of
voxel values with the Jacobian determinant (linear
and non-linear components) to allow for comparison
of absolute tissue volumes; and finally 6) smoothing
of the modulated normalized grey matter images
using an isotropic 8 mm Gaussian kernel.

Image analyses

Derivation of seed-based functional connectivity
maps

Individual intrinsic functional connectivity net-
work maps were obtained from preprocessed fMRI
images using a seed-based approach implemented
through custom MATLAB scripts. Firstly, the
mean BOLD time-series of two 4-mm spherical
regions-of-interest (ROIs) were extracted from each
participant’s preprocessed fMRI images. These ROIs
were selected from peak foci of the default mode
and salience networks reported in previous litera-
ture: left posterior cingulate cortex (default mode
network; MNI coordinates: x=-7, y=-43, z=33)
[51] and right anterior insula (salience network;
MNI coordinates: x=35, y=24, z=5) [28]. For each
ROI, Pearson‘s correlation between the ROI mean
time-series and each voxel’s spontaneous BOLD
time-series was then computed and converted to
z-scores using Fisher’s r-to-z transformation. This
resulted in two voxelwise seed-based functional
connectivity maps for each participant, correspond-
ing to each of the two networks. We also derived
group-averaged network maps for each network by
performing a one-sample t-test on the z-score maps of
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cognitively normal controls (description of controls
are provided in Participants section).

Association between voxelwise functional
connectivity maps and plasma NfL

Second-level, random effects analyses were
performed using FSL randomize (number of per-
mutations set at 5000) [52] on individual z-score
functional connectivity maps to identify voxels
whose functional connectivity significantly corre-
lated with plasma NfL. Separate analyses were
performed for each ROI and each group (AD + MCI
or bvFTD), with voxelwise functional connectivity
maps as dependent variable, plasma NfL as inde-
pendent variable of interest, and age, sex, years
of education, handedness, total intracranial volume
(TIV) as independent variables of no interest. We
focused only on voxels within the network by
masking the analyses with group-averaged network
maps of healthy controls. Results were thresholded
using the threshold-free cluster enhancement (TFCE)
approach at p <0.01 (uncorrected) and cluster-extent
threshold of 500 voxels.

To ensure that the associations between voxel-
wise functional connectivity maps and plasma NfL
were not influenced by inter-individual variations in
regional grey matter volume, we repeated the above
analyses with voxelwise grey matter volume proba-
bility maps (obtained from T1-weighted images using
VBM) included as an additional voxelwise variable in
the general linear model. Additionally, studies have
recommended that band-pass filtering be performed
after regression of nuisance signals to avoid reintro-
duction of unwanted frequencies [53]. To ensure that
our findings were robust to variations in preprocess-
ing procedures, we repeated the above analyses on
fMRI images preprocessed with bandpass filtering
performed after nuisance signal regression.

Group differences in NfL-functional connectivity
association between AD + MCI and bvFTD

For clusters showing significant NfL-functional
connectivity associations in each group and in each
ROI, we next sought to examine if associations
differed significantly between the two groups. For
each cluster, the mean functional connectivity (to
the seed region) across all voxels within the cluster
was extracted for each participant (i.e., we averaged
all voxel values in the seed-based functional con-
nectivity map that are within the cluster). Linear
regression models were then conducted to iden-
tify group differences in NfL-functional connectivity

association slopes between AD + MCI and bvFTD as
follows:

Functional connectivity; = Bo + p1(Plasma NfL;)
+ B2(Group;) 4+ B3(Plasma NfL; x Group;)

+ Bu(Age;) + Bs(Sex;) + Be(Education;)

+ B7(Handedness;) + Bs(TIV;) + ¢;

where plasma NfL*group interaction effect is the
effect of interest, 3 indicates the estimated coeffi-
cient, and ¢ indicates the residual for each participant
i

Associations of functional connectivity with
disease severity, global cognition, and
neuropsychiatric symptom scores in AD + MCI
and bvFTD

Finally, for clusters showing significant group dif-
ferences in NfL-functional connectivity associations,
we examined if the mean functional connectivity (to
the seed region) across all voxels within these clus-
ters were associated with disease severity (CDR SOB
for AD + MCI patients, FTLD-CDR SOB for bvFTD
patients), global cognition (MMSE, MoCA) and
NPI-Q (total severity and caregiver distress) scores.
Separate linear regression models were performed
for each group with disease severity, global cogni-
tion or neuropsychiatric symptom score as dependent
variable and mean cluster functional connectivity as
independent variable of interest. Age, sex, years of
education, handedness and TIV were included as nui-
sance covariates.

As validation, we repeated the above analyses
using instead the functional connectivity of peak
foci of the above clusters. 4 mm spheres around
the peak foci were first created and the mean func-
tional connectivity across all voxels within the sphere
were extracted. Similar linear regression models as
described above were then performed to identify sig-
nificant associations of mean peak foci connectivity
with disease severity, global cognition, and neuropsy-
chiatric symptom scores.

RESULTS

Differential associations between voxelwise
functional connectivity maps and plasma NfL in
AD + MCI and bvFTD

We first examined associations between voxelwise
seed-based functional connectivity and plasma NfL
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Table 2
Clusters showing significant associations between functional connectivity and plasma NfL in AD + MCI and bvFTD patients separately
Group Nature of Cluster
association Regions Size (voxels) Peak T X (mm) Y (mm) Z (mm)
Default mode network seed: Left posterior cingulate cortex (X=-7,Y=-43,Z=33)
AD +MCI Negative Left DLPFC 505 3.43 —44 8 40
Salience network seed: Right anterior insula (X=35,Y=24,7Z=5)
bvFTD Positive Right 713 3.76 52 21 33
IFGtriang/IFGoperc/MFG
Negative Right MFG/INS/IFGtriang/ 2824 4.29 29 -6 2
IFGoperc/PUT/ACG/
DCG/ROL

Coordinates shown are in Montreal Neurological Institute normalized space (thresholded at the uncorrected TFCE threshold of p <0.01 and
cluster size of 500 voxels). NfL, neurofilament light; AD, Alzheimer’s disease; MCI, mild cognitive impairment; bvFTD, behavioral variant
frontotemporal dementia; DLPFC, dorsolateral prefrontal cortex; IFGtriang, inferior frontal gyrus, triangular part; IFGoperc, inferior frontal
gyrus, opercular part; MFG, middle frontal gyrus; INS, insula; PUT, lenticular nucleus, putamen; ACG, anterior cingulate and paracingulate
gyri; DCG, median cingulate and paracingulate gyri; ROL, rolandic operculum.

Table 3
Differences in functional connectivity-NfL association between AD + MCI and bvFTD patients

Difference in FC-NfL association (AD + MCI<bvFTD)
Unstd. coeff. SE t )4

Default mode network seed: Left posterior cingulate cortex (X=-7, Y=—43, Z =33)

Cluster showing significant FC-NfL association
Nature of association Regions

Negative association in Left DLPFC 0.426 0.134 3.18 0.003*
AD +MCI
Salience network seed: Right anterior insula (X=35,Y=24,7Z=5)
Positive association in bvFTD  Right 0.272 0.155 1.75 0.087
IFGtriang/IFGoperc/MFG
Negative association in Right -0.334 0.135 -2.47 0.018*
bvFTD MFG/INS/IFGtriang/IFGoperc/
PUT/ACG/DCG/ROL

“** represents significant differences in the functional connectivity-NfL association between AD + MCI and bvFTD patients (p <0.05). FC,
functional connectivity; NfL, neurofilament light; AD, Alzheimer’s disease; MCI, mild cognitive impairment; bvFTD, behavioral variant
frontotemporal dementia; Unstd. coeff., unstandardized coefficient; SE, standard error; DLPFC, dorsolateral prefrontal cortex; IFGtriang,
inferior frontal gyrus, triangular part; IFGoperc, inferior frontal gyrus, opercular part; MFG, middle frontal gyrus; INS, insula; PUT, lenticular
nucleus, putamen; ACG, anterior cingulate and paracingulate gyri; DCG, median cingulate and paracingulate gyri; ROL, rolandic operculum.

in AD +MCI and bvFTD separately. The analyses
revealed differential plasma NfL-functional connec-
tivity associations between AD+MCI and bvFTD
(Table 2). AD + MCI patients showed lower default
mode network functional connectivity of the left
posterior cingulate cortex to the left dorsolateral
prefrontal cortex with higher plasma NfL, but no
associations between salience network functional
connectivity and plasma NfL. In contrast, bvFTD
patients showed significant associations between
functional connectivity and plasma NfL in the
salience network but not the default mode network.
Specifically, higher plasma NfL in bvFTD patients
was linked to lower salience network connectivity
of the right anterior insula to a cluster that spanned
the right frontal gyrus, insula, putamen, middle and
anterior cingulate cortex, and higher salience network
connectivity of the right anterior insula to the right
inferior and middle frontal gyrus.

To examine the differences in NfL-functional con-
nectivity associations between the two groups, we
tested whether the above clusters showed group dif-
ferences between AD+MCI and bvFTD patients
(Table 3). With higher plasma NfL, AD+MCI
patients showed significantly lower default mode
network functional connectivity in the left dorsolat-
eral prefrontal cortex compared to bvFTD patients
(Fig. 1A), while bvFTD patients showed signifi-
cantly lower salience network connectivity in the
cluster comprising right frontal gyrus, insula, puta-
men, middle and anterior cingular cortex relative to
AD +MCIT patients (Fig. 1B). Although voxelwise
analyses also revealed a positive association between
plasma NfL and salience network functional connec-
tivity in the right inferior and middle frontal gyrus in
bvFTD patients, this association was not significantly
higher in bvFTD patients compared to AD +MCI
patients.
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Default Mode Network
AD+MCI < bvFTD

Tuttsgroup = -2.47, p = 0.018
Adjusted R? = 0.86
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Fig. 1. AD+MCI and bvFTD patients show divergent changes in the associations between plasma NfL and functional connectivity
of default mode and salience networks. Group functional connectivity association maps, depicting brain clusters that show significant
negative associations (cool color) between plasma NfL and (A) functional connectivity to the left posterior cingulate cortex (default mode
network seed) in AD +MCI patients as well as (B) functional connectivity to the right anterior insula (salience network seed) in bvFTD
patients, are overlaid on their respective group network masks generated from cognitively normal controls (purple color). Both maps are
displayed on the Montreal Neurological Institute template brain. Scatterplots on the right depict the relationship between plasma NfL and
mean functional connectivity of these clusters to the (A) default mode and (B) salience network seeds respectively for both groups. (A)
Higher plasma NfL was associated with lower default mode network functional connectivity of the left posterior cingulate cortex to the left
dorsolateral prefrontal cortex in AD +MCI patients. The association between plasma NfL. and mean functional connectivity of this cluster
to the left posterior cingulate cortex was significantly higher in AD + MCI compared to bvFTD patients. By comparison, (B) higher plasma
NfL was associated with lower salience network functional connectivity of the right anterior insula to a cluster comprising the right frontal
gyrus, insula, putamen, middle and anterior cingulate cortex in bvFTD patients. The association between plasma NfL and mean functional
connectivity of this cluster to the right anterior insula was significantly higher in bvFTD compared to AD + MCI patients. NfL, neurofilament
light; AD, Alzheimer’s disease; MCI, mild cognitive impairment; bvFTD, behavioral variant frontotemporal dementia; DMN, default mode
network; SN, salience network.

These findings remained even after controlling tions (Supplementary Table 1). Findings were also
for voxelwise grey matter volumes, indicating little largely similar using fMRI images preprocessed with
influence of grey matter atrophy on the associa- bandpass filtering performed after nuisance signal
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Association between plasma NfL and neuropsychological assessment scores in AD + MCI and bvFTD patients

Group Neuropsychological assessment n Unstd. coeff. SE t 4

AD +MCI MMSE 38 -14.00 3.08 —4.54 <0.001*
MoCA 38 -15.94 3.13 -5.09 <0.001*
CDR SOB 16 8.84 1.34 6.61 <0.001*
NPI total severity 22 —0.56 243 -0.23 0.820
NPI total caregiver distress 22 1.93 3.08 0.62 0.541

bvFTD MMSE 16 -5.76 7.33 -0.79 0.450
MoCA 16 -9.59 8.09 -1.19 0.263
FTLD-CDR SOB 14 5.36 5.08 1.06 0.322
NPI total severity 13 -16.88 10.24 -1.65 0.143
NPI total caregiver distress 13 -34.35 15.46 -2.22 0.062

“*’ represents significant association between plasma NfL and neuropsychological assessment scores (p < 0.05). NfL, neurofilament light; AD,
Alzheimer’s disease; MCI, mild cognitive impairment; bvFTD, behavioral variant frontotemporal dementia; Unstd. coeff., unstandardized
coefficient; SE, standard error; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; CDR SOB, Clinical
Dementia Rating sum-of-boxes score; FTLD-CDR SOB, Frontotemporal Lobar Degeneration-modified Clinical Dementia Rating sum-of-

boxes score; NPI, Neuropsychiatric Inventory.

regression, although most clusters were smaller than
the original cluster size threshold of 500 voxels
(Supplementary Figure 1, Supplementary Table 2).
Nevertheless, there remained a significant association
between higher plasma NfL and higher salience net-
work connectivity of the right anterior insula to the
right inferior and middle frontal gyrus (cluster size
of 745 voxels) in bvFTD patients (but not AD + MCI
patients), indicating differential associations between
NfL and functional connectivity in AD +MCI and
bvFTD patients.

Associations of NfL and functional connectivity
with disease severity, global cognition, and
neuropsychiatric symptom scores in AD + MCI
and bvFTD

First, we examined whether plasma NfL was asso-
ciated with disease severity, global cognition and
neuropsychiatric symptom scores in AD + MCI and
bvFTD patients separately. Higher plasma NfL was
associated with lower MMSE and MoCA and higher
CDR SOB scores in AD+MCI patients, but not
bvFTD patients. Additionally, there were no asso-
ciations between plasma NfL and NPI-Q scores
(total severity and caregiver distress) for both groups
(Table 4).

We next tested whether the mean functional
connectivity of clusters showing group differences
in plasma NfL-functional connectivity associations
were also linked to disease severity, global cognition,
and neuropsychiatric inventory scores. In AD + MCI
patients, lower default mode network functional con-
nectivity in the left dorsolateral prefrontal cortex was
found to be associated with lower MoCA (Fig. 2)

and higher CDR SOB scores (Table 5). No significant
associations with disease severity, global cognition,
and neuropsychiatric symptom scores were found for
the salience network clusters. The validation analy-
ses using the mean functional connectivity of 4 mm
spheres created around the peak foci of the above
regions to compute these associations revealed the
same findings (Supplementary Table 3).

DISCUSSION

Our study revealed that AD +MCI and bvFTD
had differential associations between plasma NfL
and functional connectivity in the default mode and
salience networks. Notably, only AD + MCI partici-
pants showed lower default mode network functional
connectivity (in the left dorsolateral prefrontal cor-
tex) with higher plasma NfL. In contrast, only
bvFTD patients showed lower salience network func-
tional connectivity (in core salience network regions
spanning insula, frontal regions, anterior cingulate
cortex) with higher plasma NfL. Further, when exam-
ining associations of these NfL-related functional
connectivity changes with disease severity, global
cognition, and neuropsychiatric symptom scores,
we found that lower functional connectivity in the
default mode network was linked to lower MoCA
and higher CDR SOB scores in AD + MCI patients.
Our findings suggest that plasma NfL is associ-
ated with divergent functional connectivity changes
in a disease-dependent manner, linking to cognitive
impairment and greater disease severity. Moreover,
these findings raise the potential utility of using both
functional connectivity and plasma NfL as biomark-
ers for tracking disease progression and cognitive
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Association between neuropsychological assessment scores and functional connectivity in AD + MCI and bvFTD patients

Group Cluster showing significant FC-NfL Association with neuropsychological assessment
association and significant group difference scores
in FC-NfL association between AD + MCI
and bvFTD patients
Nature of Regions Assessment n  Unstd. coeff. SE t p
association

Default mode network seed: Left posterior cingulate cortex (X=-7, Y=—43, Z =33)

AD +MCI Negative Left DLPFC MMSE 38 12.83 7.19 1.78 0.084
association in MoCA 38 18.74 731 256 0.016*
AD+MCI CDR SOB 16  -1591 530 -3.00 0.017*
NPI total severity 22 2.89 476 0.61 0.553
NPI total caregiver distress 22 -1.56 6.18 -0.25 0.804

Salience network seed: Right anterior insula (X=35,Y=24,Z=5)
bvFTD Negative Right MMSE 16 9.75 11.38 0.86 0412
association in MFG/INS/IFGtriang/ MoCA 16 17.92 1225 146 0.174
bvFTD IFGoperc/PUT/ACG/ FTLD-CDR SOB 14 -11.68 7.81 -1.49 0.173
DCG/ROL NPI total severity 13 1.79 17.38 0.10 0.921

NPI total caregiver distress 13 0.99 29.09 0.03 0974

“*” represents significant association between functional connectivity and neuropsychological assessment scores (p < 0.05). AD, Alzheimer’s
disease; MCI, mild cognitive impairment; bvFTD, behavioral variant frontotemporal dementia; FC, functional connectivity; NfL, neuro-
filament light; Unstd. coeff., unstandardized coefficient; SE, standard error; MMSE, Mini-Mental State Examination; MoCA, Montreal
Cognitive Assessment; CDR SOB, Clinical Dementia Rating sum-of-boxes score; FTLD-CDR SOB, Frontotemporal Lobar Degeneration-
modified Clinical Dementia Rating sum-of-boxes score; NPI, Neuropsychiatric Inventory; DLPFC, dorsolateral prefrontal cortex; MFG,
middle frontal gyrus; INS, insula; IFGtriang, inferior frontal gyrus, triangular part; IFGoperc, inferior frontal gyrus, opercular part; PUT,
lenticular nucleus, putamen; ACG, anterior cingulate and paracingulate gyri; DCG, median cingulate and paracingulate gyri; ROL, rolandic

operculum.

decline, as well as distinguishing between different
diagnostic groups.

AD + MCI and bvFTD patients show divergent
associations between plasma NfL and functional
connectivity

We demonstrated differential NfL-functional con-
nectivity associations between AD + MCI and bvFTD
patients, with higher plasma NfL linked to lower
default mode network functional connectivity in
AD +MCT patients and disrupted salience network
connectivity in bvFTD patients. Direct comparisons
between the two groups further supported this find-
ing: AD +MCI patients showed lower default mode
network connectivity with higher plasma NfL com-
pared to bvFTD patients, and bvFTD patients showed
lower salience network connectivity with higher
plasma NfLL compared to AD + MCI patients. While
an earlier study reported no associations between
CSF NfL and default mode network functional con-
nectivity in both early and late AD individuals [54],
a more recent study demonstrated a link between
higher serum NfL and lower default mode net-
work functional connectivity in individuals with
autosomal dominant AD ranging from cognitively
unimpaired to cognitively impaired [55]. Our find-

AD+MCI patients

Tec = 2.56, p = 0.016
20 Adjusted R? = 0.22

MoCA residuals

04 -03 -02 -01 00 01 02 03 04
Left posterior cingulate cortex — left
dorsolateral prefrontal cortex FC residuals

Fig. 2. Lower default mode network connectivity in the left
dorsolateral prefrontal cortex was associated with lower
MoCA scores in AD + MCI patients. Scatterplot indicates asso-
ciation between MoCA residuals and left posterior cingulate
cortex-left dorsolateral prefrontal cortex functional connectivity
residuals in AD + MClI patients, after controlling for age, sex, years
of education, handedness and total intracranial volume. Lower
MoCA scores was associated with lower functional connectivity
between the left posterior cingulate cortex and left dorsolateral
prefrontal cortex in AD +MCI patients. MoCA, Montreal cogni-
tive assessment; AD, Alzheimer’s disease; MCI, mild cognitive
impairment; FC, functional connectivity.
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ings of lower default mode network connectivity
with higher plasma NfL in AD + MCI patients thus
provide further support to the notion that blood-
based measurements of NfL track with functional
connectivity disruptions in AD. Moreover, our obser-
vations are consistent with past AD studies linking
higher plasma NfL levels to hypometabolism in AD-
vulnerable regions, including core regions within the
default mode network such as the posterior cingu-
late cortex, temporal and frontal regions [25, 38, 56].
Changes in functional connectivity are closely linked
to changes in brain metabolism [33, 57, 58], reflect-
ing the metabolic demands associated with increased
brain activity. Our findings are also in line with
studies relating higher plasma/serum NfL levels to
changes in diffusion tensor imaging metrics such as
lower fractional anisotropy [59-61], providing evi-
dence that changes in NfL, which are mainly shed
from large-caliber myelinated axons, relates to dis-
ruptions in white matter microstructure. As brain
functional connectivity is thought to be constrained
by the underlying large-scale white matter structure
of the cerebral cortex [62, 63], higher NfL levels may
hence be linked to functional connectivity disrup-
tions via degeneration of white matter tracts. Taken
together, our findings therefore suggest that NfL is
related to changes in brain networks in a disease-
dependent manner.

NfL, on its own, has been identified to be a nonspe-
cific marker of neurodegeneration in neurodegener-
ative diseases. Although studies have reported lower
levels of NfLL (both blood and CSF) in AD relative
to bvFTD, the diagnostic accuracy of NfL in distin-
guishing between the two groups is poor [64—67],
suggesting limited value of NfL as a biomarker
for differential diagnoses. Notwithstanding, NfL has
shown utility as a biomarker of disease severity in
some disorders including AD and bvFTD [16, 17,
24], and our findings suggest that in milder stages of
AD and bvFTD, disease-related alterations in func-
tional connectivity may also be reflected by plasma
NIfL levels, independent of the degree of atrophy.

The divergent findings between AD+MCI and
bvFTD patients are also in line with past research
demonstrating circumscribed atrophy and functional
connectivity disruptions within the default mode net-
work and salience network in AD and bvFTD patients
respectively [28, 36], reflecting the symptom-deficit
profiles of the two groups. Corroborating previous
research, our study similarly found lower default
mode network functional connectivity in AD + MCI
patients and lower salience network functional con-

nectivity in bvFTD patients (Supplementary Figure 2,
Supplementary Table 4). The default mode network,
which comprises posteriomedial, medial prefrontal,
and temporal cortices, shows increased amyloid
deposition at early stages of AD [68, 69] and has been
associated with episodic and autobiographical mem-
ory retrieval [70-73], which is primarily impaired in
AD. On the other hand, the salience network, which
includes the anterior insula, anterior cingulate cortex,
ventral striatum, and thalamus, is involved in social-
emotional processing [74,75], acore deficitin bvFTD
patients. Our findings of differential NfL-functional
connectivity associations between AD+MCI and
bvFTD patients thus lend further support to the idea
that neurodegenerative diseases target different brain
networks (i.e., network-based neurodegeneration).
Interestingly, while higher plasma NfL was mainly
associated with lower functional connectivity of the
default mode and salience networks in AD + MCI and
bvFTD patients respectively, we also found higher
plasma NfL to be linked to higher salience network
connectivity in the right inferior and middle frontal
gyrus. Further investigations on the network assign-
ments (using a widely used independent functional
brain atlas [76]) of these clusters showing significant
NfL-functional connectivity associations revealed
that the positively associated salience network cluster
in the right inferior and middle frontal gyrus in bvFTD
patients was predominantly located within the con-
trol network of the brain atlas, while the negatively
associated default mode network cluster in the left
dorsolateral prefrontal cortex in AD + MCI patients
and salience network cluster in the right frontal
gyrus/insula/putamen/middle and anterior cingulate
cortex in bvFTD patients were predominantly located
within the default and salience/ventral attention net-
works of the brain atlas respectively (Supplementary
Table 5). The positive association between NfL
and connectivity of the right anterior insula to the
right inferior and middle frontal gyrus in bvFTD
patients could thus imply that higher plasma NfL
was associated with higher inter-network connec-
tivity between the salience network and the control
network, and correspondingly, lower functional seg-
regation of the salience network in bvFTD. A loss
of network segregation, which measures the brain’s
ability for specialized processing to occur within net-
works that show strong intra-network connections
but weak inter-network connections [77], has been
associated with normal aging [78-81], greater AD
dementia severity [82], and lower cognitive perfor-
mance [83]. Further, our findings are in line with a
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previous study demonstrating lower network segre-
gation and distinctiveness in the modular structure of
bvFTD patients compared to healthy controls, partic-
ularly that of the salience network [35]. Moreover,
we noted that this positive association between NfL
and right anterior insula connectivity of the right
inferior and middle frontal gyrus in bvFTD patients
was particularly robust to variations in preprocess-
ing procedure, reinforcing the possible link between
neurodegeneration and loss of network segregation in
bvFTD patients. Taken together, greater neurodegen-
eration as measured by plasma NfLL may thus also be
associated with a loss of network segregation and con-
sequently poorer processing efficiency of the brain
[77] in bvFTD, although future studies systemati-
cally examining whole-brain functional connectivity
using an independent brain atlas are needed to better
elucidate the effects of plasma NfL on inter- and intra-
network functional connectivity in AD and bvFTD
individuals.

Lower default mode network functional
connectivity in AD + MCI was associated with
higher plasma NfL, lower MoCA scores, and
higher CDR SOB scores

Furthermore, we found lower plasma NfL-related
default mode network connectivity between the left
posterior cingulate cortex and left dorsolateral pre-
frontal cortex in AD + MCI patients to be associated
with lower MoCA scores and higher CDR SOB
scores. Higher plasma NfL [15, 16, 84] and lower
default mode network functional connectivity [85,
86] have both been shown to relate to lower cogni-
tive function and higher disease severity in AD. Our
findings suggest that functional connectivity changes
linked to changes in plasma NfL may also be asso-
ciated with disease severity and global cognition.
However, these functional connectivity changes that
were linked to changes in plasma NfL did not show
any associations with neuropsychiatric symptoms in
both groups, which may possibly be due to the small
sample size in this study. Future studies utilizing
larger sample sizes could further clarify these asso-
ciations between functional connectivity changes
related to plasma NfL and changes in cognition and
behaviour. Nevertheless, our findings highlight that
functional connectivity changes in the default mode
network that are associated with plasma NfL changes
may be predictive of disease severity and cognitive
impairment.

Limitations

There are some limitations of this study. Firstly, the
sample size in this study is relatively small, particu-
larly for bvFTD patients. Future studies employing
larger sample sizes would serve to confirm the
findings of this study and shed more light on the
relationships between plasma NfL, functional con-
nectivity, and cognition and behavior. Secondly,
we did not perform PET imaging in this study
to confirm AD and bvFTD pathology for both
groups. However, a subset of patients did have CSF
AD-related biomarker studies confirming AD + MCI
related to AD, or confirming a non-AD process
in bvFTD patients. Thirdly, this study is a cross-
sectional study. Longitudinal studies on functional
connectivity—NfL associations at different demen-
tia stages (i.e., cognitively normal, MCI, dementia)
are needed to confirm the trajectory of associations
with disease progression. Finally, in this study, we
only examined relationships between plasma NfL
and static measures of functional connectivity in spe-
cific networks (default mode and salience networks).
Future studies examining associations of plasma NfLL
with whole-brain functional connectivity or dynamic
functional connectivity measures (which take into
account the time-varying properties of functional
connectivity) could provide greater insight into the
differential associations between plasma NfL and
brain functional connectivity in bvFTD and AD indi-
viduals.

Conclusion

Our study found divergent associations between
plasma NfL and functional connectivity in the default
mode and salience networks in patients with AD
and bvFTD. AD + MCI patients showed lower default
mode network functional connectivity with higher
plasma NfL while bvFTD patients showed lower
salience network functional connectivity with higher
plasma NfL. Further, lower NfL-related default mode
network functional connectivity was linked to higher
disease severity and lower general cognition in
AD + MCI patients. Our findings suggest that plasma
NfL is differentially associated with functional con-
nectivity changes in a disease-dependent manner,
which may in turn be predictive of disease severity
and cognitive impairment. These findings also rep-
resent a step towards the development of functional
connectivity and plasma NfL as biomarkers for both
disease monitoring and differential diagnosis.
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