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Abstract

Background The blood biomarker neurofilament light (NFL) is one of the most widely used for monitoring Alzheimer's
disease (AD). According to recent research, a higher NFL plasma level has a substantial predictive value for cognitive dete-
rioration in AD patients. Diffusion tensor imaging (DTI) is an MRI-based approach for detecting neurodegeneration, white
matter (WM) disruption, and synaptic damage. There have been few studies on the relationship between plasma NFL and
WM microstructure integrity.

Aims The goal of the current study is to assess the associations between plasma levels of NFL, CSF total tau, phosphorylated
taul81 (P-taul81), and amyloid-p (AB) with WM microstructural alterations.

Methods We herein have investigated the cross-sectional association between plasma levels of NFL and WM microstruc-
tural alterations as evaluated by DTI in 92 patients with mild cognitive impairment (MCI) provided by Alzheimer's Dis-
ease Neuroimaging Initiative (ADNI) participants. We analyzed the potential association between plasma NFL levels and
radial diffusivity (RD), axial diffusivity (AxD), mean diffusivity (MD), and fractional anisotropy (FA) in each region of the
Montreal Neurological Institute and Hospital (MNI) atlas, using simple linear regression models stratified by age, sex, and
APOE &4 genotype.

Results Our findings demonstrated a significant association between plasma NFL levels and disrupted WM microstruc-
ture across the brain. In distinct areas, plasma NFL has a negative association with FA in the fornix, fronto-occipital fas-
ciculus, corpus callosum, uncinate fasciculus, internal capsule, and corona radiata and a positive association with RD, AxD,
and MD values in sagittal stratum, corpus callosum, fronto-occipital fasciculus, corona radiata, internal capsule, thalamic
radiation, hippocampal cingulum, fornix, and cingulum. Lower FA and higher RD, AxD, and MD values are related to
demyelination and degeneration in WM.

Conclusion Our findings revealed that the level of NFL in the blood is linked to WM alterations in MCI patients. Plasma
NFL has the potential to be a biomarker for microstructural alterations. However, further longitudinal studies are necessary
to validate the predictive role of plasma NFL in cognitive decline.

Keywords Neurofilament light chain - Diffusion tensor imaging - Alzheimer’s disease - Mild cognitive impairment -
Biomarker - White matter

Introduction

Data used to prepare this article were obtained from the
Alzheimer's Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). As such, the investigators within the ADNI
contributed to the design and implementation of ADNI and/or
provided data but did not participate in the analysis or writing of
this report. A complete listing of ADNI investigators can be found
at: http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/
ADNI_Acknowledgement_List.pdf.

Extended author information available on the last page of the article
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Alzheimer's disease (AD) is one of the most prevalent neu-
rodegenerative diseases, affecting millions of individuals
worldwide and causing a negative impact on the health care
system [1]. Structural changes occur in the brain mainly
with aging before AD manifestation. These pathological
events include structural changes, depositions of amyloid-f§
(AP) plaques, and hyperphosphorylated tau (P-tau) protein
aggregation. Severe cognitive declines are detected using
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diagnostic methods such as magnetic resonance imaging
(MRI), cerebrospinal fluid (CSF), and positron emission
tomography (PET) assays [1]. Since the CSF collection via
lumbar puncture (LP) is invasive and unsuitable for common
application [2], there is an unmet demand for cost-effective,
blood-based biomarkers with minimal invasiveness [3].

Biomarkers are essential in disease diagnosis as well as
monitoring progression and response to disease-modifying
therapies. Accordingly, neurofilament light (NFL) is one of
the neural cytoskeleton's scaffolding proteins and is con-
sidered a sensitive marker of axonal damage [4]. Recent
advancements support the role of serum NFL as a bio-
marker for cognitive decline in both AD and Parkinson’s
diseases [5]. Increased NFL levels have been linked to future
brain tissue loss, decreased brain metabolism, and cogni-
tive impairment [6]. Furthermore, previous investigations
indicated that increased NFL plasma levels might predict
cognitive deterioration in individuals with MCI and AD
patients [3, 6-8].

Diffusion tensor imaging (DTT) allows in vivo non-inva-
sive measurement of neurodegeneration, white matter (WM)
disruption, and synaptic damage in patients with AD [9].
Emerging research points to WM changes as a marker for
pathological significance, which could be a promising target
for early dementia diagnosis [10]. Early accumulation of
CSF and plasma P-tau has been reported in the corpus cal-
losum of Alzheimer's brain, which is also associated with
WM decline [11, 12].

There is not enough evidence of whether plasma NFL is
associated with WM microstructure in people with MCI,
and owing to the potential predictive role of NFL for AD
[13], in the current research, we carried out a cross-sectional
assessment to clarify the association between plasma NFL
levels with DTI-detected microstructural changes of WM
in the MCI patients. As recent studies have shown plasma
NFL as a biomarker of AD [3, 6, 14], we aimed to examine
the association of WM changes and NFL in the early stages
before reaching AD.

Materials and methods
Data acquisition

The Alzheimer's Disease Neuroimaging Initiative (ADNI)
database provided the data for this investigation (adni.loni.
usc.edu). The ADNI was founded in 2003 as a public—pri-
vate partnership directed by Principal Investigator Michael
W. Weiner, MD. The initial purpose of ADNI is to assess the
progression of MCI and early AD by combining all serial
PET, MRI, biological markers, clinical and neuropsycho-
logical measures. www.adni-info.org has the most up-to-date
information.

@ Springer

Participants

We provided all required data from the baseline visits of
participants at ADNI-2 and ADNI-GO cohort for whom the
plasma NFL levels, CSF markers, and DTI statistic results
were available. We included 92 MCI patients (41 women
and 51 men) with a mean age of 73.04 years. All MCI sub-
jects were diagnosed as MCI based on the following cri-
teria: this diagnostic classification required Mini-Mental
State Examination (MMSE) scores between 24 and 30, a
memory complaint, objective memory loss measured by
education-adjusted scores on the Wechsler Memory Scale
Logical Memory II, a Clinical Dementia Rating (CDR) of
0.5, absence of significant impairment in other cognitive
domains, essentially preserved activities of daily living and
absence of dementia [15]. All the extracted data were from
the baseline visit.

Plasma NFL measurement

Plasma concentration of NFL was assessed at the Clinical
Neurochemistry Laboratory, University of Gothenburg,
Sweden. Plasma NFL level was analyzed by the Single-Mol-
ecule array (Simoa) technique, which uses purified bovine
NFL and monoclonal antibodies as a calibrator for assay.
All samples were collected at baseline visit and measured in
duplicate, except for one (due to technical reasons). Analyti-
cal sensitivity was < 1.0 pg/mL, and no sample contained
plasma NFL levels below the detection limit.

ApoE genotyping and assessment of CSF AB1-42,
tau, and P-tau181

The APOE genotyping of MCI patients was performed on
collected blood samples. The participants with at least one
€4 allele are considered carriers, as described by ADNI
(http://adni.loni.usc.edu/methods/documents/).

Luminex platform acquired CSF samples, and levels of
CSF biomarkers such as A1-42, total tau, and P-taul81 were
determined using the Luminex platform micro-bead-based
multiplex immunoassay. Tau phosphorylated at threonine
181 (p-taul81) has been verified as a biomarker for AD and
is now being used in studies. ADNI (http://adni.loni.usc.edu/
methods/documents/) contains more information on CSF
specimen collection and analytic measurement.

Cognitive assessments

The Mini-Mental State Exam (MMSE), a typical cognitive
function test, was used to examine the individuals' cognitive
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status. Orientation, attention, memory, language, and visual-
spatial skills are all assessed by MMSE. The ADNI database
was used to obtain MMSE values for each patient.

DTI processing and image analysis

We downloaded the results of the DTI regions of interest
(ROI) analysis from the ADNI cohort. DTI scans under-
went normalization using the Montreal Neurological
Institute and Hospital (MNI) nu_correct tool (www.bic.
mni.mcgill.ca/software/). non-brain tissues were removed
by the Brain Extraction Tool (BET) from FSL [16]. The
T1-weighted image was aligned to a version of the Col-
ins27 brain template [17] using FSL’s flirt [18]. The Col-
ins27 brain was zero-padded to have a cubic isotropic image
size (220%220%220 1 mm?) and then down-sampled
(110x 110x 110 2 mm?®) to be more similar to the Diffu-
sion-weighted imaging (DWI) resolution. A single diffu-
sion tensor was modeled at each voxel in the brain [19].
Scalar anisotropy and diffusivity maps were obtained from
the resulting diffusion tensor eigenvalues (A1, A2, A3). Then
Fractional anisotropy (FA), which shows directional depend-
ence of the diffusion process and mean diffusivity (MD),
Radial diffusivity (RD), and Axial diffusivity (AxD), which
reflects the amount of diffusion were calculated. Lower
FA and higher RD, AxD, MD are related to demyelination
and degeneration in WM. We used a previously mentioned
shared information-based elastic registration algorithm to
allocate the FA image from the Johns Hopkins University
(JHU) DTT atlas [20] to each subject [21]. To prevent label
intermixing, we used nearest-neighbor interpolation to
apply the deformation to the stereotaxic JHU "Eve" WM
atlas labels (http://cmrm.med.jhmi.edu/cmrm/atlas/human_
data/file/Atlas Explanation2.htm). This placed the atlas ROIs
in the same coordinate space as our DTI maps. Then, the
average FA and MD were calculated within the boundaries
of each ROI mask of each subject. Tensor-based spatial sta-
tistics [22] were also performed, and the mean FA in the
ROIs was extracted along with the skeleton. Tract-based spa-
tial statistics (TBSS), an automated, observer-independent
approach for assessing FA in the major white matter tracts on
a voxel-wise basis across groups of subjects was performed
according to the protocols outlined by the ENIGMA-DTI
group (http://enigma.loni.ucla.edu/wpcontent/uploads/2012/
06/ENIGMA_TBSS_protocol.pdf). Briefly, all subjects were
registered to the ENIGMA-DTI template in International
Consortium for Brain Mapping (ICBM) space, a stereotaxic
probabilistic white matter atlas, and standard TBSS steps
were performed to project individual FA maps onto the skel-
etonized ENIGMA-DTTI template. ROI extraction was also
performed to extract the mean FA in ROIs along with the
skeleton based on http://enigma.loni.ucla.edu/wpcontent/
uploads/2012/06/ENIGMA_ROI_protocol.pdf.

Statistical analysis

The SPSS software (Statistical Package for the Social Sci-
ences, version 16, USA) was used to analyze the data. All
analyses were performed while stratifying for APOE &4 gen-
otype, age (median age:73.2), and sex. First, we conducted
several simple linear regression models for assessing the
association of plasma NFL and clinical and demographical
variables as well as the level of CSF biomarkers (total tau,
P-taul81, and AP1-42). Next, we measured the association
of plasma NFL level and DTI values (including MD, RD,
AxD, and FA) in brain regions using simple linear regression
models. Multiple comparisons caused type I error; hence
the Benjamini—Hochberg method was utilized to address it.
Results at P value <0.05 are considered as significant.

Results
Patient’s characteristics

The mean age of the studied population was
73.04 +£6.41 years, while the mean MMSE score was
27.88. The details of demographical characteristics are
described in Table 1. By investigating associations between
relevant baseline characteristics and level of plasma NFL
stratified by APOE €4 allele, age, and sex, we found that
there was a significant association between plasma NFL
and age independent of APOE €4 carrier (APOE &4 non-
carrier: f=0.58, P value <0.001; versus APOE &4 carrier:
F=0.52, P value <0.001), and also sex (Men: f=0.54, P
value < 0.001; versus Women: f#=0.45, P value=0.003)
(Table 2). Moreover, education was only associated with
plasma NFL in patients with Ages lower than 73.2 years
(f=—-0.39, P value=0.007). The results also showed that
MMSE score and plasma NFL are significantly associated
in APOE &4 carriers (f=— 0.38, P value=0.008), men
(f=-0.36, P value =0.009), and subjects with Ages higher

Table 1 Demographic characteristics of participants

Sex (M/W) 51/41

Age (mean, SD), years 73.04 (£6.41)
Education (mean, SD), years 16.07 (£2.64)
MMSE score (mean, SD) 27.88 (£ 1.81)
Plasma NFL level (mean, SD), pg/mL 1160.00 (£322.67)
CSF total tau (mean, SD), pg/mL 278.79 (£ 107.40)
CSF P-tau 181 (mean, SD), pg/mL 26.59 (£12.73)
CSF Ap (mean, SD), pg/mL 39.85 (+19.47)
APOE ¢4 (+) 47/45

Total Number 92

MMSE Mini-Mental State Exam; P-faul81 phosphorylated taul81;
Ap amyloid-f; NFL neurofilament light
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Table 2 Linear regression of plasma NFL and demographical and clinical variables stratified by APOE ¢4 allele, age, and sex

Characteristics APOE &4 non carri- APOE &4 carriers Age<73.2 (n=46) Age>73.2 (n=46) Women (n=41) Men (n=51)

ers (n=45) (n=47)

p Pvalue g Pvalue g Pvalue p Pvalue g Pvalue g P value
Age 0.583 <0.001 0.517 <0.001 0.265 0.078 0.342  0.02 0.455 0.003 0.544 <0.001
Sex 0.005 0.973 —0.165 0.268 —-0.073 0.63 —0.093 0.537 _ _ _ _
Education —-0.18 0.237 -0.21 0.156 0.157 0.298 —-0.395  0.007 -0.3 0.057 —0.491 0.626
MMSE score —0.258 0.088 —-0.38 0.008 —0.258 0.083 —-0.299 0.043 -0.362 0.02 —0.361 0.009
APOE &4 _ _ _ _ 0.149 0.324 0.165 0.273 0.17 0.289 0.037 0.796
CSF total tau 0.463 0.002 0.296 0.048 0.327 0.034 0.441 0.003 0.403 0.012 0.268 0.066
CSF P-taul81  0.41 0.008 0.274 0.068 0.339 0.028 0.409 0.006 0.33 0.043 0.315 0.029
CSF Ap -0.579 0.08 0.131 0.629 -0.111  0.719 0.428 0.144 0.144 0.654 -0.027 0.926

p value is the coefficient of NFL association and demographical and clinical variables. P value as defined using the linear regression model to
detect significant associations in MCI subjects. Significant results are bolded

MMSE Mini-Mental State Exam; P-taul81 phosphorylated taul81; Af amyloid-p; NFL neurofilament light

than 73.2 years (f=— 0.29, P value =0.043). Assessing the
association between plasma NFL and CSF total tau and
P-taul81 led to significant results except in men and APOE
€4 carriers, respectively. Association of CSF AP and NFL
were not significant in any of the stratified models (Table 2).

Plasma NFL and DTl in APOE &4 stratified analyses

The voxel-wise linear regression models in MCI patients
revealed that there were WM region-specific associations
between NFL in APOE &4 carriers and non-carriers. As
shown in Table 3, we found a negative correlation between
plasma NFL concentration and FA values in the internal
capsule, fronto-occipital fasciculus, fornix, and corpus callo-
sum in APOE &4 carriers and corona radiata in non-carriers
(Table 3).

The same results of regression models revealed a posi-
tive association between plasma NFL and AxD values in
regions of corona radiate, and sagittal stratum in APOE &4
carriers and hippocampal cingulum, internal capsule, and
uncinate fasciculus in non-carriers (Table 3). Furthermore,
increased plasma NFL level was associated with higher
baseline RD values in broad WM regions, including corona
radiate, internal capsule, corpus callosum, fronto-occipital
fasciculus, and fornix in APOE &4 carriers and cingulum,
hippocampal cingulum, and uncinate fasciculus in non-
carriers (Table 3). The results for MD value were approxi-
mately similar while patients with APOE €4 had a signifi-
cant association between increased level of plasma NFL and
increased MD in corona radiate, internal capsule, corpus
callosum, and fornix. Also increased MD value in the cingu-
lum, hippocampal cingulum, and uncinate fasciculus associ-
ated with increased plasma NFL was detected in APOE €4
non-carriers (Table 3).
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Plasma NFL and DTl in age-stratified analyses

As shown in Table 4, plasma levels of NFL were investi-
gated in regression models with diffusion values in patients
with an age of higher and lower than 73.2. We observed that
patients with ages lower than 73.2 years had more significant
associations compared to patients higher than 73.2 years old.

There were strong positive associations between plasma
NFL and MD, RD, and AxD values in the internal capsule,
corpus callosum, sagittal stratum, fronto-occipital fas-
ciculus, corona radiate, and fornix (Table 4). Our findings
showed the negative associations between NFL and these
measures in corpus callosum, fornix, fronto-occipital fas-
ciculus, and uncinate fasciculus.

Plasma NFL and DTl in sex-stratified analyses

In both women and men, there were significant positive
associations between plasma NFL and AxD in the corpus
callosum, sagittal stratum, fronto-occipital fasciculus, and
corona radiate, and thalamic radiation and internal capsule
only in men. Both women and men with a higher level of
plasma NFL had lower FA in the fornix and fronto-occipi-
tal fasciculus. Moreover, our findings revealed associations
between NFL level and MD and RD measures in the corpus
callosum, sagittal stratum, hippocampal cingulum, fornix,
fronto-occipital fasciculus, internal capsule, and corona radi-
ate (Table 5).

Discussion

There are limited reports on the association of NFL and
WM structures across age, sex, and APOE4 carrier in indi-
viduals with mild cognitive impairment. Our results showed
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Table 3 Significant results of

! X Regions DTI value APOE ¢4 carriers APOE ¢4 non carri-

linear regression analyses of (n=47) ers (n=45)

DTI values and Plasma NFL

Levels stratified by APOE &4 p P value p P value

allete Left anterior corona radiata AxD 0.611 0.001 > 0246  0.103
Right anterior corona radiata 0.588  0.001> 0.265  0.079
Left superior corona radiata 0.517  0.001> 0.303  0.043
Right sagittal stratum 0.588  0.001> 0292  0.052
Genu of left corpus callosum 0.568  0.001> 0.336  0.024
Splenium of right corpus callosum 0.534  0.001> 0.366  0.014
Right hippocampal cingulum 0.298  0.042 0451  0.002
Posterior limb of left internal capsule 0.253  0.086 0.394  0.007
Right uncinate fasciculus 0.9 0.548 0.424  0.004
Retrolenticular part of right internal capsule 0.484  0.001 0379  0.01
Anterior limb of left internal capsule FA -0.509  0.001> —0.003 0.985
Anterior limb of right internal capsule -0.501  0.001> 0.053  0.731
Right inferior fronto-occipital fasciculus -0.496 0.001> —-0.044 0.774
Right fornix -0.514  0.001> -0.217  0.152
Genu of left corpus callosum —-0.484 0.001 —0.08 0.6
Left posterior corona radiata -0.081  0.59 -0.351 0.018
Left anterior corona radiata MD 0.626  0.001> 0.263  0.081
Right anterior corona radiata 0.605  0.001> 0.263  0.081
Anterior limb of left internal capsule 0.58 0.001 > 0.233 0.123
Genu of left corpus callosum 0.596  0.001> 0.255 0.091
Right fornix 0.558  0.001> 0.192  0.206
Left cingulum 0.386  0.007 0.399  0.007
Right cingulum 0.398  0.006 0417  0.004
Left hippocampal cingulum 0.431 0.003 0.38 0.01
Right hippocampal cingulum 0.372  0.01 0.453  0.002
Right uncinate fasciculus 0.124  0.408 0.452  0.002
Anterior limb of left internal capsule RD 0.617  0.001> 0.187 0.22
Left anterior corona radiata 0.605  0.001> 0.26 0.084
Right Superior fronto-occipital fasciculus 0.592  0.001> 0.353 0.017
Genu of left corpus callosum 0.586  0.001> 0.206  0.175
Right fornix 0.568  0.001> 0.189  0.213
Retrolenticular part of right internal capsule 0.57 0.001 > 0.373 0.012
Left cingulum 0.405 0.005 0.398  0.007
Right cingulum 0.422  0.003 0.463  0.001
Right uncinate fasciculus 0.138 0.357 0.445  0.002
Right hippocampal cingulum 0.392  0.006 0438  0.003

p value is the coefficient of NFL association and DTI values. Significant results are bolded after correction
with Benjamini—-Hochberg method. P value as defined using the linear regression model to detect signifi-

cant associations in MCI subjects

RD radial diffusivity, AxD axial diffusivity, MD mean diffusivity, FA fractional anisotropy

significant associations between plasma NFL and CSF total
tau and P-taul81 were independent of being APOE &4 car-
rier and age. CSF total tau and CSF P-taul81 were signifi-
cantly associated with plasma NFL in both men and women.
The marginal significant association of CSF total tau and
plasma NFL in men can be due to the small sample size (P
value =0.066).

Our analyses showed a significant association between
plasma NFL levels and abnormal WM microstructural in
various brain areas. The results suggest the associations of
NFL with WM might be more region-specific in APOE4
carrier versus non-carrier as well as in men versus women.
In this analysis, we included individuals with baseline MCI
and the significant association of NFL with MWI in MCI
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Table 4 Significant results of

! X Regions
linear regression analyses of

DTIvalue Age<73.2 (n=46) Age>73.2 (n=46)

DTI values and Plasma NFL p P value p P value
Levels stratified by age

Retrolenticular part of right internal capsule ~ AxD 0473  0.001 0.301 0.042
Splenium of right corpus callosum 0.465  0.001 0336  0.022
Right sagittal stratum 0.444  0.002 0316  0.032
Left sagittal stratum 0.478  0.001 0.135 0.371
Right superior fronto-occipital fasciculus 0.453  0.002 0472  0.001
Left superior fronto-occipital fasciculus 0.442  0.002 0.376  0.01

Right Fornix 0.24 0.107 0.448  0.002
Splenium of right corpus callosum FA —-0.334  0.023 —0.003  0.985
Right fornix —-0.23 0.124 - 0417  0.004
Right inferior fronto-occipital fasciculus —0.169  0.263 —-0.362 0.013
Left uncinate fasciculus —-0.15 0.318 —0355 0.015
Left inferior fronto-occipital fasciculus MD 0.514  0.001> 0.22 0.142
Splenium of right corpus callosum 0.455 0.001 0.32 0.03

Retrolenticular part of right internal capsule 0.469  0.001 0.373 0.011
Left sagittal stratum 0.486  0.001 0.167  0.267
Right posterior corona radiata 0.477  0.001 0.144 0339
Left uncinate fasciculus 0.449 0.002 0.243 0.104
Right superior corona radiata 0.446  0.002 0.283 0.056
Right superior fronto-occipital fasciculus 0.442  0.002 0.471 0.001
Right fornix 0.248  0.096 0.467  0.001
Left inferior fronto-occipital fasciculus RD 0.51 0.001 > 0.201 0.181
Left sagittal stratum 0.464  0.001 0.179  0.234
Right posterior corona radiata 0.49 0.001 0.091 0.548
Right superior corona radiata 0.448  0.002 0.289  0.052
Left superior corona radiata 0.431 0.003 0.286  0.054
Left uncinate fasciculus 0.537 0.002 0.255 0.087
Right superior fronto-occipital fasciculus 0.433  0.003 0.468  0.001
Right fornix 0246  0.099 0.468  0.001
Retrolenticular part of right internal capsule 0.411 0.005 0.396  0.006

P value is the coefficient of NFL association and DTI values. Significant results are bolded after correction
with Benjamini—-Hochberg method. P value as defined using the linear regression model to detect signifi-

cant associations in MCI subjects

RD radial diffusivity, AxD axial diffusivity, MD mean diffusivity, FA fractional anisotropy

patients might suggest the use of this non-invasive plasma
biomarker to detect MCI before progress to AD, which also
tracks well with.

CSF levels of P-tau and P-taul81. Based on our find-
ings, APOE &4 carriers and non-carriers, women and men,
and patients with an age of higher and lower than 73.2
had an association between plasma NFL and WM micro-
structural changes in different regions. There were WM
region-specific associations between NFL and AxD in
APOEA4 carrier versus non-carriers, suggesting a possible
discrepancy in WM structural change in APOE4 carriers
versus non-carriers. Further studies are required to shed
light on this finding. As previous studies demonstrated the
WM microstructural difference associated with APOE &4
[23]. APOE €4 carriers had lower FA values in the genu
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and splenium of the corpus callosum compared to non-
carriers in cognitively healthy individuals which empha-
size on effect of APOE €4 on WM microstructural changes
in normal aging [24].

Non-invasive biomarkers with screening ability of change
in cognition state and degenerative nervous system are
required. As a non-invasive, and cost-effective, and accessi-
ble blood-based biomarker, NFL which tracks well with CSF
markers can be of use to screen patients for further imaging
studies [25]. Moreover, cognitive tests might not be sensitive
enough to screen cognitive impairment. Therefore, identify-
ing non-invasive plasma biomarkers like NFL that can track
well with microstructural changes and neurodegeneration in
both grey and white matters can be of use in clinical settings
and research [26, 27].
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Table 5 Significant results of

) . Regions DTI value  Women (n=41) Men (n=51)

linear regression analyses of

DTI values and Plasma NFL p Pvalue p P value

Levels stratified by sex
Right sagittal stratum AxD 0.572  0.001> 0.434  0.001
Genu of left corpus callosum 0.484  0.001 0.47 0.001
Right superior fronto-occipital fasciculus 0.469  0.002 0.575  0.001>
Left superior fronto-occipital fasciculus 0475  0.016 0.583  0.001>
Right anterior corona radiata 0.384  0.013 0.566  0.001>
Left anterior corona radiata 0.462  0.002 0476  0.001>
Anterior limb of left internal capsule 0.27 0.088 0.542  0.001>
Retrolenticular part of right internal capsule 0.398  0.01 0.536  0.001>
Left posterior thalamic radiation 0279  0.078 0.504  0.001>
Right fornix FA - 0475  0.002 —0.401  0.004
Right superior fronto-occipital fasciculus —-0.227  0.153 -0.491  0.001>
Left superior fronto-occipital fasciculus —-0.234  0.142 -0.509 0.001>
Right sagittal stratum MD 0.567  0.001> 0.436  0.001
Genu of left corpus callosum 0.469  0.002 0471  0.001>
Left hippocampal cingulum 0.476  0.002 0.374  0.007
Right fornix 0.449  0.003 0.485  0.001>
Retrolenticular part of right internal capsule 0.42 0.006 0.606  0.001>
Right superior fronto-occipital fasciculus 0.456  0.003 0.593  0.001>
Left superior fronto-occipital fasciculus 0.373  0.016 0.588  0.001>
Right anterior corona radiata 0.371  0.017 0.588  0.001>
Right superior corona radiata 0.309  0.049 0.556  0.001>
Anterior limb of left internal capsule 0.337  0.031 0.549  0.001>
Right sagittal stratum RD 0.545  0.001> 0.418  0.002
Left hippocampal cingulum 0.502  0.001 0.365  0.008
Right fornix 0.462  0.002 0.484  0.001>
Right superior fronto-occipital fasciculus 0.447  0.003 0.598  0.001>
Left superior fronto-occipital fasciculus 0.371  0.017 0.588  0.001>
Retrolenticular part of right internal capsule 0.407  0.008 0.607  0.001>
Right superior corona radiata 0.293  0.063 0.577  0.001>
Left superior corona radiata 0.348  0.026 0.531  0.001>
Right anterior corona radiata 0.355  0.023 0.57 0.001 >

S value is the coefficient of NFL association and DTI values. Significant results are bolded after correction
with Benjamini—-Hochberg method. P value as defined using the linear regression model to detect signifi-

cant associations in MCI subjects

RD radial diffusivity, AxD axial diffusivity, MD mean diffusivity, FA fractional anisotropy

Our findings revealed a significant correlation between
the plasma NFL with altered WM microstructural changes in
widespread brain regions. Plasma NFL has a negative corre-
lation with FA and a positive correlation with RD, AxD, and
MD values in the cingulum, hippocampal cingulum, corona
radiate, internal capsule, fronto-occipital fasciculus, fronto-
occipital fasciculus, sagittal stratum, corpus callosum, tha-
lamic radiation, and fornix. Similarly, with these findings,
Spotorno et al. indicated that higher plasma NFL level is
associated with lower FA value in superior longitudinal fas-
ciculus, the fronto-occipital fasciculus, the anterior thalamic
radiation, and the dorsal cingulum bundle in frontotempo-
ral dementia [28]. WM differences between MCI patients

and healthy controls are primarily observed in the corpus
callosum along with limbic pathways, including the fornix,
cingulum, and uncinate fasciculus [29]. Crucially, these sig-
nature regions are involved in the WM changes due to AD.
Indeed, alterations in the WM integrity in these regions are
associated with disease progression from the early stages
to the late stages of AD [30]. Also, an investigation on the
patients with autosomal dominant AD (patients with a muta-
tion in AP production genes), showed that the serum level
of NFL correlates with lower FA and higher RD, AxD, and
MD which is in line with our study [31, 32].

By investigating diffusion metrics, information about
the WM's different specifications can be obtained from
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DTI values. However, the exact relationship between these
four values of FA, RD, AxD, MD, and the physiopathology
mechanisms of AD has not been completely understood.
Commonly, lower FA, and higher RD, AxD, and MD in
relation to demyelination and degeneration in WM have been
reported [33]. Several studies have reported the association
between CSF levels of NFL and WM damage in both MCI
and AD [34-37]. In people without cognitive impairment,
the CSF level of NFL is associated with compromised WM
microstructure. However, ADNI cross-sectional data with a
large sample size revealed significantly higher plasma NFL
levels in the patients with MCI than cognitively healthy indi-
viduals [38, 39].

Furthermore, we observed that plasma levels of NFL have
a strong correlation with MMSE scores in APOE ¢4 carri-
ers, men, and patients with age higher than 73.2. Our out-
comes demonstrated that the plasma level of the NFL might
be an accurate biomarker for reflecting the cognitive status
of patients in preclinical stages of AD. Moreover, plasma
NFL was associated with more WM regions in APOE &4
carriers with almost similar regional patterns of associa-
tions seen in the younger age. Moreover, the associations of
NFL and WM regions in non-carrier APOE4 were similar
to the regions with significant NFL associations in older age.
These results suggest that NFL might detect region-specific
changes of WM specific to APOE4 carrier state and age
[40, 41]. Further investigations are necessary to replicate
these results. The plasma levels of NFL are associated with
age and APOE €4 carrier state, two important risk factors
of cognitive decline and can be used as a screening tool to
detect cognitive decline in the early stage [3, 13, 42]. We
showed that NFL is associated with WM regions in both
men and women with MCI. Some studies recently have
shown a cognitive decline in men [43, 44]. This is while
most epidemiological studies have reported a more cognitive
decline in women than men. Our results suggest that choos-
ing biomarkers, and sex-stratified analytical approaches can
shed further light on cognitive decline in men [45].

Similar to Mattson et al. our results revealed higher
plasma levels of NFL are significantly associated with total
tau and P-taul81 in CSF [6]. We did not find any significant
association between NFL and Ap. Similarly, a study has
shown that 80% of individuals with AP aggregation have no
cognitive problems [42] suggesting tracking NFL levels with
tauopathy at the early stage of cognitive decline [46—48].

Conclusion
Our study provides a better understanding of the link between

plasma NFL and WM changes in MCI patients. Our find-
ings support applying the NFL's blood-based measures as a

@ Springer

non-invasive and costless biomarker for monitoring people
with a high risk of AD in the early stages. In recent studies,
plasma NFL was shown as a reliable biomarker for convert-
ing MCI to AD, and our research reflects WM damage with
neuroimaging measures. However, further longitudinal studies
are necessary to validate the predictive role of plasma NFL in
cognitive decline.

Acknowledgements Data collection and sharing for this project were
provided by the Alzheimer's Disease Neuroimaging Initiative (ADNI)
(National Institutes of Health Grant U01 AG024904) and DOD ADNI
(Department of Defense award number W81XWH-12-2-0012). ADNI
is funded by the National Institute on Aging, the National Institute
of Biomedical Imaging and Bioengineering, and through generous
contributions from the following: AbbVie, Alzheimer’s Association;
Alzheimer’s Drug Discovery Foundation; Araclon Biotech; BioClinica,
Inc.; Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.; Cogstate;
Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company; Euro-
Immun; F. Hoffmann-La Roche Ltd and its affiliated company Genen-
tech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson & Johnson
Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck;
Merck & Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx Research;
Neurotrack Technologies; Novartis Pharmaceuticals Corporation;
Pfizer Inc.; Piramal Imaging; Servier; Takeda Pharmaceutical Com-
pany; and Transition Therapeutics. The Canadian Institutes of Health
Research is providing funds to support ADNI clinical sites in Canada.
Private sector contributions are facilitated by the Foundation for the
National Institutes of Health (www.fnih.org). The grantee organiza-
tion is the Northern California Institute for Research and Education,
and the study is coordinated by the Alzheimer’s Therapeutic Research
Institute at the University of Southern California. ADNI data are dis-
seminated by the Laboratory for Neuro Imaging at the University of
Southern California.

Author contributions FN & MP: Designed the study, analyzed the
data, and wrote the paper; FN, MB, MRR, SBK & FR: collected data,
analyzed and interpreted the data, and wrote the draft version of the
manuscript. The manuscript was revised and approved by all authors.

Funding We do not have any financial support for this study.

Availability of data and material The datasets analyzed during the cur-
rent study are available upon request with no restriction.

Declarations

Conflict of interest The authors declare no conflict of interest regard-
ing the publication of this paper.

Ethical approval Since the data in this paper were obtained from the
ADNI database (adni.loni.usc.edu), it does not include any research
involving human or animal subjects.

Statement of human and animal rights All human and animal stud-
ies have been approved by the appropriate ethics committee and have


http://www.fnih.org

Aging Clinical and Experimental Research

therefore been performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later amendments.

Informed consent For this type of study, formal consent is not required.

Consent for publication This manuscript has been approved for pub-
lication by all authors.

References

10.

11.

12.

13.

Oboudiyat C, Glazer H, Seifan A et al (2013) Alzheimer’s
disease. Semin Neurol 33:313-329. https://doi.org/10.1055/s-
0033-1359319

Mantzavinos V, Alexiou A (2017) Biomarkers for Alzheimer’s
disease diagnosis. Curr Alzheimer Res 14:1149-1154. https://
doi.org/10.2174/1567205014666170203125942

Benedet AL, Ashton NJ, Pascoal TA et al (2019) Plasma neu-
rofilament light associates with Alzheimer’s disease metabolic
decline in amyloid-positive individuals. Alzheimer’s Dement
(Amst, Neth) 11:679-689. https://doi.org/10.1016/j.dadm.2019.
08.002

Barry DM, Stevenson W, Bober BG et al (2012) Expansion
of neurofilament medium C terminus increases axonal diam-
eter independent of increases in conduction velocity or myelin
thickness. J Neurosc 32:6209-6219. https://doi.org/10.1523/
jneurosci.0647-12.2012

Lin Y-S, Lee W-J, Wang S-J et al (2018) Levels of plasma neu-
rofilament light chain and cognitive function in patients with
Alzheimer or Parkinson disease. Sci Rep 8:17368. https://doi.
org/10.1038/341598-018-35766-w

Mattsson N, Cullen NC, Andreasson U et al (2019) Association
between longitudinal plasma neurofilament light and neurode-
generation in patients with Alzheimer disease. JAMA Neurol
76:791-799. https://doi.org/10.1001/jamaneurol.2019.0765
Gaiottino J, Norgren N, Dobson R et al (2013) Increased neu-
rofilament light chain blood levels in neurodegenerative neuro-
logical diseases. PLoS ONE 8:e75091. https://doi.org/10.1371/
journal.pone.0075091

Sanchez-Valle R, Heslegrave A, Foiani MS et al (2018) Serum
neurofilament light levels correlate with severity measures and
neurodegeneration markers in autosomal dominant Alzheimer’s
disease. Alzheimer’s Res Therapy 10:113. https://doi.org/10.
1186/s13195-018-0439-y

Mayo CD, Garcia-Barrera MA, Mazerolle EL et al (2018) Rela-
tionship between DTI metrics and cognitive function in Alzhei-
mer’s disease. Front Aging Neurosci 10:436. https://doi.org/10.
3389/tnagi.2018.00436

Oishi K, Mielke MM, Albert M et al (2011) DTT analyses and
clinical applications in Alzheimer’s disease. J Alzheimer’s Dis
26:287-296. https://doi.org/10.3233/jad-2011-0007
Pourhamzeh M, Joghataei MT, Mehrabi S et al (2020) The
interplay of tau protein and f-amyloid: while tauopathy spreads
more profoundly than amyloidopathy, both processes are almost
equally pathogenic. Cell Mol Neurobiol. https://doi.org/10.
1007/s10571-020-00906-2

Nabizadeh F, Pourhamzeh M, Khani S et al (2022) Plasma phos-
phorylated-taul81 levels reflect white matter microstructural
changes across Alzheimer’s disease progression. Metab Brain
Dis. https://doi.org/10.1007/s11011-022-00908-7

Zhao Y, Xin Y, Meng S et al (2019) Neurofilament light chain
protein in neurodegenerative dementia: a systematic review and

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

network meta-analysis. Neurosci Biobehav Rev 102:123-138.
https://doi.org/10.1016/j.neubiorev.2019.04.014

Illan-Gala I, Lleo A, Karydas A et al (2021) Plasma tau and
neurofilament light in frontotemporal lobar degeneration and
Alzheimer disease. Neurology 96:¢671-e683. https://doi.org/
10.1212/wnl.0000000000011226

Petersen RC, Aisen PS, Beckett LA et al (2010) Alzheimer’s
Disease Neuroimaging Initiative (ADNI): clinical characteri-
zation. Neurology 74:201-209. https://doi.org/10.1212/WNL.
0b013e3181cb3e25

Smith SM (2002) Fast robust automated brain extraction. Hum
Brain Mapp 17:143-155. https://doi.org/10.1002/hbm.10062
Holmes CJ, Hoge R, Collins L et al (1998) Enhancement of MR
images using registration for signal averaging. ] Comput Assist
Tomogr 22:324-333. https://doi.org/10.1097/00004728-19980
3000-00032

Jenkinson M, Bannister P, Brady M et al (2002) Improved optimi-
zation for the robust and accurate linear registration and motion
correction of brain images. Neuroimage 17:825-841. https://doi.
org/10.1016/51053-8119(02)91132-8

Basser PJ, Mattiello J, LeBihan D (1994) MR diffusion tensor
spectroscopy and imaging. Biophys J 66:259-267. https://doi.org/
10.1016/s0006-3495(94)80775-1

Mori S, Oishi K, Jiang H et al (2008) Stereotaxic white matter
atlas based on diffusion tensor imaging in an ICBM template.
Neuroimage 40:570-582. https://doi.org/10.1016/j.neuroimage.
2007.12.035

Leow AD, Yanovsky I, Chiang MC et al (2007) Statistical proper-
ties of Jacobian maps and the realization of unbiased large-defor-
mation nonlinear image registration. IEEE Trans Med Imaging
26:822-832. https://doi.org/10.1109/tmi.2007.892646

Smith SM, Jenkinson M, Johansen-Berg H et al (2006) Tract-
based spatial statistics: voxelwise analysis of multi-subject diffu-
sion data. Neuroimage 31:1487-1505. https://doi.org/10.1016/j.
neuroimage.2006.02.024

Adluru N, Destiche DJ, Lu SY et al (2014) White matter micro-
structure in late middle-age: Effects of apolipoprotein E4 and
parental family history of Alzheimer’s disease. Neuroimage Clin
4:730-742. https://doi.org/10.1016/j.nicl.2014.04.008

Williams OA, An Y, Beason-Held L et al (2019) Vascular burden
and APOE €4 are associated with white matter microstructural
decline in cognitively normal older adults. Neuroimage 188:572—
583. https://doi.org/10.1016/j.neuroimage.2018.12.009
Blennow K, Zetterberg H (2018) Biomarkers for Alzheimer’s
disease: current status and prospects for the future. J Intern Med
284:643—-663. https://doi.org/10.1111/joim.12816

Atri A (2019) The Alzheimer’s disease clinical spectrum: diagno-
sis and management. Med Clin N Am 103:263-293. https://doi.
org/10.1016/j.mcna.2018.10.009

Preische O, Schultz SA, Apel A et al (2019) Serum neurofilament
dynamics predicts neurodegeneration and clinical progression
in presymptomatic Alzheimer’s disease. Nat Med 25:277-283.
https://doi.org/10.1038/s41591-018-0304-3

Spotorno N, Lindberg O, Nilsson C et al (2020) Plasma neurofila-
ment light protein correlates with diffusion tensor imaging metrics
in frontotemporal dementia. PLoS ONE 15:¢0236384. https://doi.
org/10.1371/journal.pone.0236384

Alm KH, Bakker A (2019) Relationships between diffusion ten-
sor imaging and cerebrospinal fluid metrics in early stages of the
Alzheimer’s disease continuum. J Alzheimer’s Dis 70:965-981.
https://doi.org/10.3233/jad-181210

Kantarci K, Murray ME, Schwarz CG et al (2017) White-mat-
ter integrity on DTI and the pathologic staging of Alzheimer’s

@ Springer


https://doi.org/10.1055/s-0033-1359319
https://doi.org/10.1055/s-0033-1359319
https://doi.org/10.2174/1567205014666170203125942
https://doi.org/10.2174/1567205014666170203125942
https://doi.org/10.1016/j.dadm.2019.08.002
https://doi.org/10.1016/j.dadm.2019.08.002
https://doi.org/10.1523/jneurosci.0647-12.2012
https://doi.org/10.1523/jneurosci.0647-12.2012
https://doi.org/10.1038/s41598-018-35766-w
https://doi.org/10.1038/s41598-018-35766-w
https://doi.org/10.1001/jamaneurol.2019.0765
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.1371/journal.pone.0075091
https://doi.org/10.1186/s13195-018-0439-y
https://doi.org/10.1186/s13195-018-0439-y
https://doi.org/10.3389/fnagi.2018.00436
https://doi.org/10.3389/fnagi.2018.00436
https://doi.org/10.3233/jad-2011-0007
https://doi.org/10.1007/s10571-020-00906-2
https://doi.org/10.1007/s10571-020-00906-2
https://doi.org/10.1007/s11011-022-00908-7
https://doi.org/10.1016/j.neubiorev.2019.04.014
https://doi.org/10.1212/wnl.0000000000011226
https://doi.org/10.1212/wnl.0000000000011226
https://doi.org/10.1212/WNL.0b013e3181cb3e25
https://doi.org/10.1212/WNL.0b013e3181cb3e25
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1097/00004728-199803000-00032
https://doi.org/10.1097/00004728-199803000-00032
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1016/s0006-3495(94)80775-1
https://doi.org/10.1016/s0006-3495(94)80775-1
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1016/j.neuroimage.2007.12.035
https://doi.org/10.1109/tmi.2007.892646
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.nicl.2014.04.008
https://doi.org/10.1016/j.neuroimage.2018.12.009
https://doi.org/10.1111/joim.12816
https://doi.org/10.1016/j.mcna.2018.10.009
https://doi.org/10.1016/j.mcna.2018.10.009
https://doi.org/10.1038/s41591-018-0304-3
https://doi.org/10.1371/journal.pone.0236384
https://doi.org/10.1371/journal.pone.0236384
https://doi.org/10.3233/jad-181210

Aging Clinical and Experimental Research

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

disease. Neurobiol Aging 56:172-179. https://doi.org/10.1016/].
neurobiolaging.2017.04.024

Schultz SA, Strain JF, Adedokun A et al (2020) Serum neurofila-
ment light chain levels are associated with white matter integ-
rity in autosomal dominant Alzheimer’s disease. Neurobiol Dis
142:104960. https://doi.org/10.1016/j.nbd.2020.104960
Ljungqyvist J, Zetterberg H, Mitsis M et al (2017) Serum neurofila-
ment light protein as a marker for diffuse axonal injury: results
from a case series study. J Neurotrauma 34:1124-1127. https://
doi.org/10.1089/neu.2016.4496

Beaulieu C (2002) The basis of anisotropic water diffusion in the
nervous system - a technical review. NMR Biomed 15:435-455.
https://doi.org/10.1002/nbm.782

Melah KE, Lu SY, Hoscheidt SM et al (2016) Cerebrospinal fluid
markers of alzheimer’s disease pathology and microglial activa-
tion are associated with altered white matter microstructure in
asymptomatic adults at risk for Alzheimer’s disease. J Alzheimer’s
Dis 50:873-886. https://doi.org/10.3233/jad-150897

Bendlin BB, Carlsson CM, Johnson SC et al (2012) CSF T-Tau/
Ap42 predicts white matter microstructure in healthy adults at risk
for Alzheimer’s disease. PLoS ONE 7:¢37720. https://doi.org/10.
1371/journal.pone.0037720

Moore EE, Hohman TJ, Badami FS et al (2018) Neurofilament
relates to white matter microstructure in older adults. Neurobiol
Aging 70:233-241. https://doi.org/10.1016/j.neurobiolaging.2018.
06.023

Sjogren M, Blomberg M, Jonsson M et al (2001) Neurofilament
protein in cerebrospinal fluid: a marker of white matter changes.
J Neurosci Res 66:510-516. https://doi.org/10.1002/jnr.1242
Mielke MM, Syrjanen JA, Blennow K et al (2019) Plasma and
CSF neurofilament light: Relation to longitudinal neuroimaging
and cognitive measures. Neurology 93:¢252—260. https://doi.org/
10.1212/wnl.0000000000007767

Mattsson N, Andreasson U, Zetterberg H et al (2017) Association
of plasma neurofilament light with neurodegeneration in patients
with Alzheimer disease. JAMA Neurol 74:557-566. https://doi.
org/10.1001/jamaneurol.2016.6117

Verghese PB, Castellano JM, Holtzman DM (2011) Apolipopro-
tein E in Alzheimer’s disease and other neurological disorders.

Authors and Affiliations

Fardin Nabizadeh'?

41.

42.

43.

44,

45.

46.

47.

48.

Lancet Neurol 10:241-252. https://doi.org/10.1016/s1474-
4422(10)70325-2

Farfel M, Yu L, De Jager PL et al (2016) Association of APOE
with tau-tangle pathology with and without f-amyloid. Neurobiol
Aging 37:19-25. https://doi.org/10.1016/j.neurobiolaging.2015.
09.011

Lewczuk P, Ermann N, Andreasson U et al (2018) Plasma neu-
rofilament light as a potential biomarker of neurodegeneration in
Alzheimer’s disease. Alzheimer’s Res Therapy 10:71. https://doi.
org/10.1186/s13195-018-0404-9

Leng Y, Redline S, Stone KL et al (2019) Objective napping,
cognitive decline, and risk of cognitive impairment in older men.
Alzheimers Dement 15:1039-1047. https://doi.org/10.1016/j.jalz.
2019.04.009

Curhan SG, Willett WC, Grodstein F et al (2019) Longitudinal
study of hearing loss and subjective cognitive function decline in
men. Alzheimers Dement 15:525-533. https://doi.org/10.1016/j.
jalz.2018.11.004

Riedel BC, Thompson PM, Brinton RD (2016) Age, APOE and
sex: triad of risk of Alzheimer’s disease. J Steroid Biochem Mol
Biol 160:134-147. https://doi.org/10.1016/j.jsbmb.2016.03.012

Jessen F (2019) Refining the understanding of typical Alzheimer
disease. Nat Rev Neurol 15:623-624. https://doi.org/10.1038/
$41582-019-0259-0

Congdon EE, Sigurdsson EM (2018) Tau-targeting therapies for
Alzheimer disease. Nat Rev Neurol 14:399-415. https://doi.org/
10.1038/s41582-018-0013-z

Dai CL, Hu W, Tung YC et al (2018) Tau passive immuniza-
tion blocks seeding and spread of Alzheimer hyperphosphoryl-
ated Tau-induced pathology in 3 X Tg-AD mice. Alzheimer’s Res
Therapy 10:13. https://doi.org/10.1186/s13195-018-0341-7

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- Mohammad Balabandian? - Mohammad Reza Rostami'? - Samuel Berchi Kankam? -

Fatemeh Ranjbaran® - Mahsa Pourhamzeh? - Alzheimer’s Disease Neuroimaging Initiative (ADNI)

>

P<

Fardin Nabizadeh
fardinnabizade1378 @gmail.com

Mahsa Pourhamzeh
Poorhamze.m @iums.ac.ir
Neuroscience Research Group (NRG), Universal Scientific

Education and Research Network (USERN), Tehran, Iran

School of Medicine, Iran University of Medical Sciences,
Tehran, Iran

@ Springer

Division of Neuroscience, Cellular and Molecular Research
Center, Iran University of Medical Sciences, Tehran, Iran

School of Medicine, Tehran University of Medical Sciences,
Tehran, Iran

School of Health Management and Information Sciences,
Iran University of Medical Sciences, Tehran, Iran


https://doi.org/10.1016/j.neurobiolaging.2017.04.024
https://doi.org/10.1016/j.neurobiolaging.2017.04.024
https://doi.org/10.1016/j.nbd.2020.104960
https://doi.org/10.1089/neu.2016.4496
https://doi.org/10.1089/neu.2016.4496
https://doi.org/10.1002/nbm.782
https://doi.org/10.3233/jad-150897
https://doi.org/10.1371/journal.pone.0037720
https://doi.org/10.1371/journal.pone.0037720
https://doi.org/10.1016/j.neurobiolaging.2018.06.023
https://doi.org/10.1016/j.neurobiolaging.2018.06.023
https://doi.org/10.1002/jnr.1242
https://doi.org/10.1212/wnl.0000000000007767
https://doi.org/10.1212/wnl.0000000000007767
https://doi.org/10.1001/jamaneurol.2016.6117
https://doi.org/10.1001/jamaneurol.2016.6117
https://doi.org/10.1016/s1474-4422(10)70325-2
https://doi.org/10.1016/s1474-4422(10)70325-2
https://doi.org/10.1016/j.neurobiolaging.2015.09.011
https://doi.org/10.1016/j.neurobiolaging.2015.09.011
https://doi.org/10.1186/s13195-018-0404-9
https://doi.org/10.1186/s13195-018-0404-9
https://doi.org/10.1016/j.jalz.2019.04.009
https://doi.org/10.1016/j.jalz.2019.04.009
https://doi.org/10.1016/j.jalz.2018.11.004
https://doi.org/10.1016/j.jalz.2018.11.004
https://doi.org/10.1016/j.jsbmb.2016.03.012
https://doi.org/10.1038/s41582-019-0259-0
https://doi.org/10.1038/s41582-019-0259-0
https://doi.org/10.1038/s41582-018-0013-z
https://doi.org/10.1038/s41582-018-0013-z
https://doi.org/10.1186/s13195-018-0341-7
http://orcid.org/0000-0002-4633-3340

	Plasma neurofilament light levels correlate with white matter damage prior to Alzheimer’s disease: results from ADNI
	Abstract
	Background 
	Aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Data acquisition
	Participants
	Plasma NFL measurement
	ApoE genotyping and assessment of CSF Aβ1-42, tau, and P-tau181
	Cognitive assessments
	DTI processing and image analysis
	Statistical analysis

	Results
	Patient’s characteristics
	Plasma NFL and DTI in APOE ε4 stratified analyses
	Plasma NFL and DTI in age-stratified analyses
	Plasma NFL and DTI in sex-stratified analyses

	Discussion
	Conclusion
	Acknowledgements 
	References




