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Plasma neurofilament light (NfL) protein is a promising non-invasive biomarker for detecting neuronal damage in Alzheimer’s
disease (AD). However, its clinical utility is limited by the lack of standardized threshold values. Sex is an important factor that
should be considered when setting these thresholds, but only a few studies have examined sex differences in plasma NfL levels in
AD, with inconsistent findings. Even fewer have explored whether sex influences the relationship between plasma NfL levels and
disease severity. To investigate this, we first analyzed data from 860 participants in the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database. Linear regression models were used to assess sex differences in the correlation between plasma NfL levels,
cognitive deficits, and neuroimaging metrics. A Cox model with bootstrap resampling was used to evaluate sex differences in
dementia risk, calculating the hazard ratio for men versus women for a given increase in plasma NfL. Our results showed that,
compared to women, men with higher plasma NfL levels exhibited more severe cognitive defects and brain hypometabolism, along
with smaller hippocampal volume. These findings were validated using data from 619 participants in the Chinese Preclinical
Alzheimer’s Disease Study (C-PAS) cohort and 86 participants from a publicly available dataset. In addition, we found that increase
in plasma NfL levels were predictive of faster cognitive decline and a higher likelihood of AD progression in men compared to
women. In conclusion, sex differences influence the relationship between plasma NfL levels and AD symptoms. Men exhibit greater
cognitive and neuropathological defects with rising plasma NfL levels, underscoring the need for considering sex when using NfL as
a biomarker for neuronal damage in AD.
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INTRODUCTION

Tracking the levels of neurodegeneration in Alzheimer's disease
(AD) is crucial for accurate staging and for evaluating the efficacy
of emerging treatments [1]. Diagnostic tools like positron emission
tomography (PET) and measurements of Amyloid-B (AB) and tau
protein levels in cerebrospinal fluid (CSF) [2] are commonly
employed. Yet due to their invasiveness and high expense, current
methods for assessing AD-related neurodegeneration still rely
heavily on subjective cognitive assessments via various cognitive
questionnaires. Recent development in plasma biomarkers aims to
address this gap to provide objective, quantitative, and non-
invasive markers that accurately reflect neurodegeneration and
functional defects in AD patients [3-11].

Plasma neurofilament light (NfL) chain has emerged as a
promising biomarker for AD. Elevated NfL levels in peripheral
blood have been detected in both the early (prodromal) stages
[12, 13] and advanced dementia stages [14] of sporadic AD
patients, as well as in individuals with autosomal dominant AD
[15, 16]. Increased plasma NfL levels have shown strong
correlations with poorer cognitive performance, both cross-
sectionally and longitudinally [12, 17, 18]. Furthermore, higher

plasma NfL concentrations are associated with reduced whole
brain and hippocampal volumes [19], increased severity of
leukoencephalopathy [20], and metabolic decline in amyloid-
positive individuals with AD [21]. Longitudinal studies also
suggest that rapid increases in plasma NfL levels are linked to
accelerated neuronal injury, brain atrophy, metabolic decline,
and worsening cognitive function [14]. These evidences suggest
that elevated plasma NfL reflects the degree of neurodegenera-
tion in AD and could potentially be used to evaluate the effects
of disease-modifying therapies. For example, plasma NfL
concentration was included as a secondary outcome in clinical
trials of Lecanemab, a recently FDA-approved treatment for
AD [22].

Despite its potential, the implementation of plasma NfL in
routine clinical practice faces challenges, particularly due to the
lack of standardized measurement protocols [23]. Experts are now
advocating for an international collaboration to define unified
plasma NfL reference datasets that represent diverse populations
around the world [23]. Key factors, such as sex, age, race and
health status, need to be considered when defining these
standards. Clarifying these blurs is essential for defining normal
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plasma NfL ranges and may even necessitate the establishment of
cut-off values for use in AD diagnostics.

While sex differences in AD have been studied extensively
[24-30], there is limited research examining the role of sex in
plasma NfL, and existing findings are mixed [14, 31-33]. Several
studies reported no sex differences in plasma NfL levels in
sporadic AD [14, 31, 33], while others indicated that female carriers
of the Presenilin-1 E280A mutation experience greater NfL
increases with age compared to male carriers [32]. These results
contrast with findings from CSF studies, where men generally
exhibit higher NfL concentrations than women [34, 35]. Studies on
the interaction between sex and plasma NfL in relation to clinical
manifestation of AD remain scarce. Recent study found the
interaction effect of sex by plasma NfL levels could not predict
cognitive decline in autosomal dominant AD mutation carriers
[32]. To our knowledge, no study has systematically investigated
the interaction effect of sex by plasma NfL on clinical manifesta-
tion in sporadic AD.

In the present study, we investigate sex difference in the
relationship between plasma NfL concentration and cognition,
neuropathological biomarkers, and clinical progression. Using data
from the Alzheimer’s Disease Neuroimaging Initiative (ADNI), We
first explored sex-specific effects across cognitively unimpaired
individuals, those with mild cognitive impairment (MCl), and AD
patients. Upon identifying sex-specific trends in the ADNI cohort,
we then sought to validate these findings using our own Chinese
Preclinical Alzheimer’s Disease Study (C-PAS) dataset as well as
another publicly available dataset [19].

METHODS

Study design and participants

The data analyzed in this study included public data obtained from the
ADNI and validation data obtained from our own cohort—C-PAS [36] and
in a third open dataset from a previous study [19]. Data used in the
preparation of this article were obtained from the Alzheimer's Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was
launched in 2003 as a public-private partnership, led by Principal
Investigator Michael W. Weiner, MD. The primary goal of ADNI has been
to test whether serial magnetic resonance imaging (MRI), positron
emission tomography (PET), other biological markers, and clinical and
neuropsychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early Alzheimer's
disease (AD). The study was approved by the Institutional Review Board of
each participating research site and all study subjects provided written
informed consent. We first accessed data from ADNI cohort between Sep 7,
2005, and Sep 4, 2022. Participants with varying degrees of cognitive
performance were deemed eligible if they had measurements of NfL
concentrations and underwent ['¢F] Florbetapir PET scans to assess brain
AB deposition. A subset from the ADNI study had baseline and follow-up
NfL, cognitive data, CSF biomarkers, and available imaging metrics
(Supplementary Methods).

A cross-sectional dataset from C-PAS cohort, between Apr 2019 and Mar
2022, was collected for validation study. The study was approved by the
Independent Ethics Committee “Huashan Hospital Institutional Review
Board (HIRB), Fudan University” (approval number: KY-2017-406), and all
participants gave written informed consent. Individuals in the C-PAS
cohort with measurements of plasma NfL concentrations and underwent
["®F] Florbetapir PET scans were included.

The third dataset was obtained from openly shared dataset in Khalil
et al. 2020, including 86 subjects with longitudinal plasma NfL concentra-
tion changes and brain volume changes [19].

Cognitive performance

Most subjects of ADNI underwent a series of cognitive performance tests,
including the Mini-Mental State Examination (MMSE), the Montreal
Cognitive Assessment (MoCA), the Clinical Dementia Rating-Sum of Box
(CDR-SB), the Alzheimer's Diseases Assessment Scale-Cognitive Scales
(ADAS-cog) (including ADAS-cog 11, ADAS-cog 13, and ADASQ4), and the
Rey-Auditory-Verbal-Learning-Test (RAVLT) scales (including RAVLT_im-
mediate, RAVLT_learning, RAVLT_forgetting, and RAVLT_perc_forgetting).
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In addition to the individual tests, we also evaluated composite scores for
different cognitive domains, including memory, executive function,
language, and visuospatial function derived from the ADNI neuropsycho-
logical test battery [37-39]. In C-PAS study, participants received MMSE
and Montreal Cognitive Assessment Basic (MoCA-B), a useful tool for
evaluating cognitive function in elderly individuals in China, and can
effectively differentiate between those with normal cognition, MCl, and
those with mild to moderate Alzheimer's disease, regardless of their
education levels [40].

Plasma protein measurements

In ADNI, the blood sampling process adhered to protocol described before
[12]. NfL, phosphorylated tau 181 (p-tau181) and glial fibrillary acidic
protein (GFAP) were all determined using the ultrasensitive Single-
Molecule-Array (SIMOA) technology platform.

For NfL detection, a blend of monoclonal antibodies, along with purified
bovine NfL as a calibrator, was utilized in the assay. All plasma samples
were measured in duplicate. The concentrations of all samples were above
the detection limit, and the analytical sensitivity was <1 pg/mL [12]. The
plasma collection process and determination method of plasma NfL
concentrations in participants of C-PAS study were described before [36].
Briefly, the NF-light Assay Kit was used to measure the concentrations of
plasma NfL. Plasma samples were diluted at a ratio of (1:4). Laboratory
technicians, who were blinded to the clinical data, determined the plasma
NfL levels by using Quanterix SIMOA HD-1 and Analyzer software [36].

For p-tau181 detection, two monoclonal antibodies (Tau12 and AT270)
were used and N-terminal to middomain forms of p-tau181 were
measured as described before [41].

GFAP was detected via a two-step digital immunoassay, which
performed by Amsterdam UMC, VUmc, laboratory of Charlotte Teunissen
Assay by using Simoa Neuro 4-plex E kit.

CSF AB and tau

The CSF samples were collected via lumbar puncture from participants in
ADNI study, and analyzed using fully automated Elecsys immunoassays
(Roche Diagnostics) to determine concentrations of CSF AB,_,,, total tau
(t-tau), and p-tau181, as previously described [42].

Brain imaging data acquisition and processing

Structural MRI imaging data were retrieved from the LONI database
(ida.loni.usc.edu). The procedures for ADNI brain imaging acquisition and
processing have already been elaborated in detail at the website http://
adni.loni.usc.edu/methods/documents. To put it simply, structural MRI
scans are carried out on 3 T scanners by employing either a 3D MPRAGE or
IR-SPGR T1-weighted sequence with sagittal slices and the spatial
resolution of these scans is 1 mm?>. Subsequently, the scans are skull-
stripped, segmented and parcellated with the help of FreeSurfer
(version 5.1).

The ['®F] Florbetapir PET data of the ADNI participants were analyzed by
Susan Landau and colleagues. The Cortical summary Florbetapir standard
uptake value ratio (SUMMARYSUVR), which is intensity-normalized by the
mean of whole cerebellum retention, was used to determine AR
deposition, with SUMMARYSUVR values greater than or equal to 1.11
considered A positive [43]. Fluorodeoxyglucose-PET (FDG-PET) data of the
ADNI participants were analyzed by Chen K. and colleagues. FDG-PET
SUVR, a volume-weighted average of a pons/vermis intensity-normalized
region encompassing bilateral angular, inferior temporal gyrus, and
posterior cingulate, was utilized to assess brain glucose metabolism as
described previously [44].

Subjects in C-PAS study underwent structural MRI and ['®F] Florbetapir
PET scans. The chief scanning parameters were described previously [36].
The volume of the hippocampus was measured by using the computa-
tional software Anatomy Toolbox (CAT12), which was implemented in
Statistical Parametric Mapping (SPM12) software package. The visual
evaluation method, based on the basic guidelines outlined by SNMMI [45]
and the International Nuclear Medicine Consensus on the Clinical Use of
Amyloid Positron Emission Tomography in Alzheimer's Disease [46], was
used to determine whether the ['®F] Florbetapir PET was positive or
negative.

Statistical analyses
The primary analytical approach employed in the study was a multi-level
linear model. Across all cohorts, age, ApoE genotype, body-mass index
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(BMI) and education were included as control variables whenever possible.
In the ADNI cohort, the main effect was sex*NfL, with a random intercept
assigned to each subject due to the longitudinal nature of the dataset. For
each outcome studied, only the timepoints with NfL measurements were
included for the analysis. In the C-PAS cohort, the main effect was also
sex*NfL. However, due to the cross-sectional nature of this dataset, no
random effects were incorporated.

To examine whether men and women differ in the relationship between
longitudinal changes of plasma NfL and speed of cognitive decline, we first
fitted linear trend lines between time and plasma NfL as well as time and
aggregated cognitive scores respectively, based on longitudinal multiple
measurements of each subject. The slope of these trend lines indicated the
speed of longitudinal changes. We then fitted a linear regression model
that controlled for covariates including age, ApoE genotype, BMI and
education.

Regarding our third dataset, neither ApoE genotype nor education data
were available. Since this publicly available database provided only the
NFL change value rather than specific NFL values, we selected the NFL
change value for analysis. The main effect here was sex*NfL change,
without random effect.

To visualize the fitted model, we used the individual conditioned
expectation plots [47]. For statistical comparisons, we examined whether
the coefficients of the sex:NfL variable in the fitted models were
significantly different from 0. All calculations were carried out with
MATLAB 2021b software, and some plots were generated with GRAPHPAD
Prism (Supplementary Methods).

In order to search for features correlated with the increase of plasma NfL
levels, we constructed a partial least square regression (PLS) model [48].
Plasma NfL levels were used as response variables, with structural brain
magnetic resonance imaging data, cognitive scores, cerebrospinal fluid
biomarkers and glucose metabolism positron emission tomography data
as predict variable. We included 10 PLS variables in the output, which
explained about 80% variance. Projection calculations were carried out
using 3-10 output variables. For visualization, only the first 3 variables
were plotted (Supplementary Methods).

In order to examine the effect of plasma NfL to the conversion
probability from non-AD to AD, we used a Cox regression model. This
model is commonly used in the context of survival analysis. Our analysis
can be interpreted as replacing the time in survival analysis with plasma
NfL. We could control for the effect of other confounders in the Cox model
for calculating sex dependent effect of plasma NfL levels. To visualize the
model in an intuitive stair-plot manner, we omitted the effect of these
confounders (Supplementary Methods).

RESULTS
Demographic characteristics
The demographic characteristics of participants from ADNI (Fig. S1)
and from C-PAS (Fig. S2) were summarized in Tables 1, 2. In ADNI,
860 subjects met the inclusion criteria (Fig. S1). Among them, 412
(47.9%) were women and 448 (52.1%) were men. The mean (SD)
age of all participants at baseline was 72.4 (7.2), and women (71.4
years) were younger than men (73.3 years). Women had an
average education year of 15.7, and men had an average of 16.8.
The ApoE-g4 carrier rate was 44.7% in women and 45.5% in men.
The median (IQR) plasma NfL concentration was 33.6 (19.9) pg/mL
in women and 33.5 (21.1) pg/mL in men (Fig. S3). The baseline
global Florbetapir PET SUVR had no difference between men and
women (p=0.090), while men had lower Composite
Fluorodeoxyglucose-PET SUVR (p = 0.010). Women showed higher
baseline MMSE (p = 0.014) and MoCA (p = 0.001) scores than men,
while their CDR-SB, ADAS-Cog 11, and ADAS-Cog 13 scores were
lower (p = 0.004 for CDR-SB, and p < 0.001 for both ADAS-Cog 11
and ADAS-Cog 13). The brain volume (Hippocampus, Whole brain,
Entorhinal cortex, Ventricular) at baseline based on MRI showed
that women had smaller brains than men (<0.001). Higher levels of
CSF A were found in women compared to men (p = 0.015).
The C-PAS study included a total of 619 participants (Fig. S2), of
whom 388 (62.7%) were women and 231 (37.3%) were men
(Table 2). Consistent with the ADNI data, women (63.7 years) were
younger than men (66.2 years) (p < 0.001), and women had fewer
years of education (p =0.007). A total of 164 individuals (26.5%)
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were carriers of ApoE-e4 gene, and there was no significant
difference in the ApoE-¢4 carriers’ rates between sexes (p = 0.821),
however, the percentage of ApoE-e4 carriers was quite lower in
C-PSA study than in the ADNI study. Additionally, 459 individuals
(74.2%) were found to be AP positive, with no significant
differences existed between sexes (p = 0.664). The mean volume
of the right hippocampal gray matter was greater in men than in
women (p =0.012). No significant difference was found in MMSE
(p=10.685) or MoCA-B (p=0.485) between male and female
subjects in the C-PSA study. Inconsistent with the ADNI data, a
statistically significant difference was found in plasma NfL levels
between sexes (p=0.025), as the median (IQR) plasma NfL
concentration was 13.7 (8.0) pg/mL in women and 15.4 (9.6)
pg/mL in men. These comparisons help contextualize the
demographic and biomarker differences, which are essential for
further analyses, considering both sex and diagnostic differences
in different races.

Sex differences in associations between plasma NfL levels and
cognitive defects in AD

We initially delved into the data from the ADNI cohort to examine
whether sex has an impact on the associations between the
severity of cognitive defects and plasma NfL levels. By controlling
for the effect of age, education, ApoE-e¢4 status, BMI, and
individual variability, we fitted a linear mixed effect (LME) model
for the cognitive scores considering sex, plasma NfL levels, follow-
up months, and their interactions. As the ADNI dataset reported
multiple measurements for each subject over several years, we
assigned a random intercept to each subject to account for the
covariance among data from the same subject. This approach
enabled us to appropriately analyze how sex might modify the
associations between plasma NfL levels and cognitive defects
(Fig. S4, Table S1).

For the CDR-SB score, we observed a significant interaction
effect of sex and plasma NfL levels. Plasma NfL levels were
positively correlated with CDR-SB scores in both sexes, indicating
that higher NfL levels were associated with more severe cognitive
impairment. Notably, this positive correlation was more pro-
nounced in men. For each unit increase in plasma NfL, men
exhibited a more substantial exacerbation of cognitive defect
(b =0.0096, 95%Cl=0.0010-0.018, p=0.029, Fig. 1A). Consis-
tently, we found similar trend of men showing more severe
deficits with the same amount of plasma NfL increase for the other
two commonly used cognitive scales, the Montreal Cognitive
Assessment  (MoCA, b=-0.015, 95%Cl= —0.032-0.0024,
p=0.093, Fig. 1B) and Mini-Mental State Examination (MMSE,
b =—-0.0092, 95%Cl = —0.023-0.0051, p=10.21, Fig. 1C). These
results collectively suggest that sex plays a crucial role in
modulating the relationship between plasma NfL levels and
cognitive defects, with men appearing to be more vulnerable to
the adverse effects of elevated NfL levels on cognitive function.

Considering the variability for assessing cognitive scores, we
derived a combinatorial metric using the first principal component
of these three scores, additionally with others available in the
ADNI dataset: RAVLTs series (RAVLT Immediate (sum of 5 trials),
RAVLT Learning (trial 5 - trial 1), RAVLT Percent Forgetting)) and
ADAS series (ADAS-cog 11, ADAS-cog 13, ADASQ4). This metric
showed good correlations with different scores and was positively
correlated with cognitive defect (Fig. S4B). The same LME analysis
as described above using this metric as the response variable
again demonstrated significant sex-dependent difference
(b=0.18, 95%Cl=0.058-0.29, p=0.0034, Fig. 1D). We further
examined composite scores representing different cognitive
domains available from ADNI, and found that functional domains
related to language and memory showed consistent sex-
dependent effects (Fig. S5). Another visualization for the correla-
tion between plasma NfL and these cognitive scores in two sexes,
presented as a partial dependence plot (Fig. S6), also supported
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Table 2. Demographic characteristics of participants in C-PAS study shown by sex.

Characteristic

Age at baseline, years (SD)

Education (SD)

Apoe4 carriers, No. (%)
AP positive, No. (%)

Gray matter Ap PET, median (IQR), SUVR

Diagnose

Cognitively normal, No. (%)
Mild cognitive impairment, No. (%)
Dementia, No. (%)

Plasma NfL level, median (IQR), pg/mL

Cognitive score at
baseline

MRI Imaging
measure

MMSE, median (IQR)
MoCA-B, median (IQR)

Left Hippocampus gray matter
volume, mean (SD), mm?

Right Hippocampus gray matter
volume, mean (SD), mm?

Female (n =388) Male (n=231) Total (n =619) P value
63.7 (7.5) [n =388] 66.2 (7.0) [n=231] 64.6 (7.4) [n=619] <0.001
11.2 (3.6) [n=388] 12.0 (3.4) [n=231] 11.5 (3.6) [n=619] 0.007
104 (26.8) 60 (26.0) 164 (26.5) 0.821
290 (74.7%) 169 (73.2%) 459 (74.2%) 0.664
1.25 (0.13) 1.23 (0.14) 1.24 (0.14) 0.007
[n = 386] [n=231] [n=617]

237 (61.1) 137 (59.3) 374 (60.4) 0.685
94 (24.2) 54 (23.4) 148 (23.9)

57 (14.7) 40 (17.3) 97 (15.7)

13.7 (8.0) 15.4 (9.6) 14.4 (8.6) 0.025
27.0 (4.0) 27.0 (4.0) 27.0 (4.0 0.685
24.0 (7.0) 24.0 (6.0) 24.0 (7.0) 0.485
2.5 (0.3) [n=388] 2.5 (0.4) [n=231] 2.5 (0.3) [n=619] 0.168
2.8 (0.4) [n =388] 2.9 (0.4) [n=231] 2.9 (0.4) [n=619] 0.012

There were 388 (62.7%) women and 231 (37.3%) men in our sample of 619 participants. Across all participants, 374(60.4%) were cognitively normal (CN), 148
(23.9%) were diagnosed with MCl, 97(15.7%) were diagnosed with dementia, and 459(74.2%) were AP positive. The mean age was 64.6 years old and the
average years of education was 11.5. Women in our sample were younger and had fewer years of education. To account for sex differences in diagnostic status

we additionally adjusted for the effect of diagnosis in subsequent analyses.

the positive relationship. Together, these data indicated that the
same amount of plasma NfL increase is correlated with a more
severe cognitive deficit in men than in women.

To test whether the observed sex difference between plasma
NfL and cognitive defect represents a general rule for other
biomarkers, we examined two additional plasma biomarkers that
were previously reported to reflect cognitive decline: phosphory-
lated tau 181 [6] and glial fibrillary acidic protein [10]. We applied
a similar linear regression method from the same ADNI cohort. The
results show that while both biomarkers show good correlation
with cognitive defect as reported, phosphorylated tau 181 showed
the opposite sex difference from NfL, consistent with a previous
report [30], and GFAP showed no sex difference (Fig. S7). These
results suggest that the sex difference in the relationship between
plasma NfL and cognition is unlikely due to unspecific sex
difference in brain debris clearance or periphery metabolism.

Sex differences in associations between plasma NfL levels and
severity of AD-related neuropathology
Given the above results regarding cognitive scores, we next
examined whether sex also modified associations between plasma
NfL levels and AD-related brain atrophy. To do this, we
constructed linear regression models using T1-weighted structural
MRI data from individual brain regions as the response variable. By
color-coding each brain region with the t-values of the sex-plasma
NfL coefficients in the model (Table S2), we visualized the sex-
dependent effect. Our findings revealed that, in several brain
regions, compared to women, men exhibited a more substantial
reduction in cortical thickness and subcortical volume in relation
to a unit increase in plasma NfL levels. Notably, this effect was
particularly significant in the hippocampus (Fig. 2A-C, hippocam-
pus b=-3.0, 95% Cl = —5.13 ~ —0.89, p = 0.0054). In addition to
T1-weighted MRI data, we also explored the sex-dependent effect
on brain energy metabolism using FDG-PET data, and again found
that men showed more severe brain hypometabolism with each
unit increase of plasma NfL levels compared to women (b = —5.5,
95%Cl = —10~ —0.89, p =0.019, Fig. 2D).

Considering that multiple parameters related to AD progress
showed a sex-dependent relationship to plasma NfL, we next
attempted to extract a quantitative index encompassing all these
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variables as an overall measurement of AD manifestation. To this
end, we performed a PLS using all available biomarkers including
cognition scales, MRl and PET imaging data, and cerebrospinal fluid
amyloid and tau proteins, with plasma NfL levels as the response
variable. This allowed us to extract linear combinations of different
biomarkers that closely reflect plasma NfL fluctuations. By color-
coding each individual with their sex and clinical diagnosis, we
found a clear direction for AD progression in the first three PLS
dimensions (Fig. 2E). This allowed us to delineate the centroid from
control subjects to that of the AD subjects. And we used the
connection between the two centroid points as the direction for
disease progression. Furthermore, we calculated the projections to
this direction from each individual using the first 10 PLS dimensions
(summed explained variance 78.7%, Fig. S8A, B), with incremental
bins of plasma NfL levels for both sexes. We found that men showed
a stronger linear correlation between NfL increase and projected AD
progression (b =8.2, 95%Cl =52~ 11, r=0.77, p < 0.0001, Fig. 2F)
than that of the women (b=4.8, 95%Cl=—-0.49-10, r=0.27,
p =0.071, Fig. 2F). This effect was consistent when the correlations
were calculated through the first 3 to first 10 PLS dimensions,
indicating a robust sex effect (Fig. S8C-E).

Sex differences in the plasma NfL levels-associated risks of
converting to dementia
Having established the sex differences in the correlation of plasma
NfL and cognitive as well as neuropathological defects, we next
examined whether women and men differ in the relationship
between longitudinal change of plasma NfL and speed of
cognitive decline. For each subject with multiple measurements,
we fitted linear trend lines between time and plasma NfL as well
as time and aggregated cognitive scores, respectively. The slope
of these trend lines indicated the speed of longitudinal changes.
We then fitted a linear regression model that controlled for
covariates including age, ApoE genotype, BMI, and education. We
found a significant effect for the interaction between sex and
slope of plasma NfL changes, showing more severe cognitive
decline in men (b =0.17, SE=0.082, p = 0.036, Fig. 3A).

The above analysis indicated that the same increase of plasma
NfL reflected more exacerbated cognitive decline in men than
women. Thus, we postulated that the association between plasma
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Fig. 1 Increased plasma NfL levels reflect more severe cognitive deficit in men. Individual conditional expectation plots demonstrate sex
differences in the association between plasma NfL levels and worse performance in CDR A, MMSE B, MoCA C and 1 st principal component of
cognition scales D, by using a linear mixed effect (LME) model (see text for details). The red mark on the vertical axis represents the direction
of cognitive function deterioration. The cognition scales calculated in the 1 st principal component including CDR, MMSE, MoCA, AVLTs series
(RAVLT Immediate (sum of 5 trials), RAVLT Learning (trial 5 - trial 1), RAVLT Forgetting (trial 5 - delayed), and RAVLT Percent Forgetting)) and
ADAS series (ADAS-cog 11, ADAS-cog 13, ADASQ4). P values report the significance of the sex-plasma NfL interaction coefficients in the

LME model.

NfL and clinical diagnosis to AD is also sex-dependent. To this end,
we plotted a Kaplan-Meier survival curve using the plasma NfL
levels, and depicted the probability of AD-free survival at each
concentration ranges (Fig. 3B). While we observed a trend that men
showed higher risk of converting to AD with unit increase of plasma
NfL, the associated Cox proportional hazard model showed no
statistical significance. We suspected this is due to relatively high
amount of lost follow-up data in this cohort. To improve the
statistical power, we applied a bootstrap resample method. We
generated a distribution of the sex-NfL interaction coefficients in the
Cox model, which showed significant difference from the shuffled
control (mean = 0.33, 95%Cl =0.33-0.34, p < 0.001, Fig. 3C), sup-
porting the notion of higher risk of converting to AD with the same
amount of NfL increase in men. To examine the robustness of the
sex effect, we tested different number of bootstrap sampling and
found that mild up-sampling (>50) was capable of boosting
statistical power (Fig. 3D). We further quantified the hazard ratios
of men to women risks given the same amount of plasma NfL
increase, and found that the sex difference grew monotonically with
age (Fig. 3E), indicating that sex-dependent differences of plasma
NfL and AD risk is more prominent in the elderly.

Sex differences in association between plasma NfL levels and
cognitive defects in validation cohort

To examine whether the sex-dependent correlation between plasma
NfL levels and AD manifestation existed outside the ADNI dataset,
we further explored these correlations in our validation cohort from
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C-PAS study (Table S2). We constructed similar linear models as
those used in the ADNI dataset. However, since this cohort was a
cross-sectional dataset, we eliminated the follow-up months variable
and the random intercepts from subjects, and applied a robust
fitting parameter to ensure correct intercepts. Consistent with our
results from ADNI cohort, we found significant interaction between
sex and plasma NfL levels in correlation with MMSE (b = —0.059,
95%Cl = —0.097 ~ —0.020, p = 0.0027, Fig. 4A), MoCA (b = —0.070,
95%Cl=—0.13 - —0.013, p=0.017, Fig. 4B), and hippocampus
volume (b= —0.00096, 95%ClI=—0.019 - —0.00041, p =0.040,
Fig. 4C). In all these measurements, men showed more prominent
functional and structural defects associated with unit increase of
plasma NfL, consistent with our findings in the ADNI cohort.

We further examined the effect of sex on the relationship
between plasma NfL change with whole brain volume in a third
dataset that is openly available from a previous study [19]. The
model for this set did not include ApoE genotype or education
due to the absence of the information. Nevertheless, we found a
pronounced effect that plasma NfL increase was associated with
more severely reduced brain volume in men (b=-0.018, 95%
Cl=-0.034 - —0.0017, p=0.031, Fig. S9), consistent with our
results from other cohorts.

DISCUSSION
Sex constitutes an important factor for AD patient stratification
and personalized treatment. In this study, we performed an
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in-depth investigation regarding whether sex modifies the
associations between plasma NfL concentration and cognition as
well as neuropathologic biomarkers as manifestation of dementia
by using data from the ADNI study and our C-PAS cohort, which
has not been done before to the best of our knowledge. While
previous studies showed that increased plasma NfL levels were
correlated with worsening of MMSE scores, CDR-SB and ADAS-cog
scores, loss of hippocampal volume and cortical thickness,
increases in the total and phosphorylated tau protein level,
reduction in FDG-PET, and expansion of ventricular volume in
both sexes [14], our study expands prior understanding and
showed that the relative strength of the association between
plasma NfL and these parameters varies by sex. Furthermore, we
found that the sex-dependent relationship was consistent across
different populations, as demonstrated in both the predominantly
Caucasian ADNI cohort and our validation cohort of Asian
participants.

We found that with the same amount of increase in the plasma
NfL levels, men exhibit more severe defects related to AD
compared to women. These results are surprising considering
many reports have described that women are more impacted by
Alzheimer’s disease than men. Women are at significantly greater
risk of developing the disease, and appear to suffer a greater
cognitive deterioration than men at the same stage of the disease
[25]. Notably, we did not observe the same sex difference for
plasma phosphorylated tau 181 or GFAP (Fig. S7), suggesting a
NfL-specific mechanism.

The mechanism underlying the sex differences we observed is
not clear, but we propose several hypotheses as detailed below.
First, sex-specific microglia-driven neuroinflammation may explain
the observed pattern where each unit increase in plasma NfL
levels results in more severe cognitive and neuropathological
defects in men. Prior research showed sex differences in microglial
activation [49] and demyelination [50], which are closely linked to
NfL release [51]. In our previous study, clearing microglia with the
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colony-stimulating factor 1 receptor inhibitor PLX3397 in female
Tg2541 mice extended lifespan and lowered plasma NfL levels.
However, in male Tg2541 mice, the same treatment led to
increased NfL levels and shortened lifespan [52]. These results
suggest that microglia-related neuroinflammation could signifi-
cantly affect plasma NfL production in Alzheimer’s and other tau-
related neurodegenerative diseases, with a pronounced sex-
dependent effect. Second, sex differences in Blood-Brain Barrier
(BBB) integrity may influence NfL release levels. Animal studies
have demonstrated that female sex hormones provide protective
effects on BBB permeability under both normal and pathological
conditions [53, 54]. In a large human study involving over 20,000
participants, females exhibited significantly lower CSF/serum
albumin ratios compared to males, suggesting a less permeable
BBB in women [55]. Another human study using dynamic contrast-
enhanced - MRI found that females showed better BBB integrity in
the cingulate and occipital cortices compared to males [56]. Based
on these findings, we hypothesize that men may experience more
pronounced BBB dysfunction in AD, contributing to higher plasma
NfL levels. Future research is required in dissecting the mechanism
underlying the sex-dependent association between plasma NfL
increase and AD manifestation.

Our findings could have important implications for the use of
plasma NfL as a tool for tracking neurodegeneration in AD.
Palermo et al. noted that plasma NfL holds significant potential for
risk assessment, disease monitoring, and stratification of AD [57].
However, the clinical application of NfL as a biomarker requires
the establishment of precise cutoffs to distinguish high-risk
individuals from low-risk ones with optimal sensitivity. In our
study, men exhibited more prominent cognitive defects and
worse biomarker profiles at the same plasma NfL concentrations
as women. Without sex-specific baselines, one sex may face biased
diagnosis. Implementing sex-adjusted NfL reference values could
enhance diagnostic accuracy. Moreover, monitoring dynamic
changes in NfL levels is critical for tracking AD progression, as
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men and women may experience distinct patterns of NfL measurement error by deriving an aggregated cognitive score

elevation over the course of the disease. Future longitudinal with principal component analysis, yet objective measurements
studies should focus on sex-specific NfL trajectories to refine such as functional magnetic resonance imaging or electrophysio-
disease progression models. Besides, sex differences in neurode- logical features could be used in future studies to further validate

generation and NfL release may also influence treatment our findings. Secondly, the current sample size was limited,
responses. For instance, therapies targeting neuroinflammation particularly for the survival analysis. While we believe that our
may need to account for NfL dynamics based on sex. Tailoring bootstrap method is statistically sound, we hope to validate this
treatment monitoring to sex-specific NfL responses could enhance conclusion with a larger dataset in the future. Thirdly, it remains to
personalized approaches in AD care. In conclusion, future research be seen whether the sex difference we observed remains
should explore whether sex-specific plasma NfL cutoffs improve consistent in patients receiving disease modifying treatments

the sensitivity of NfL as a predictive biomarker for AD and as a including passive immunizations that are currently available. The

screening tool for clinical trials. use of plasma NfL as a biomarker for AD-related neurodegenera-
The present study has several limitations. Firstly, the cognitive tion under such circumstance requires further investigation.

functions were evaluated via various scoring systems with In conclusion, our research showed a sex difference in the

relatively high subjective variances. We tried to reduce the association of plasma NfL and AD manifestation. Specifically, while
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increased plasma NfL levels correlated with AD-related defects in
both sexes, men showed more severe deficits with every unit
increase of plasma NfL compared to women, as measured by
cognition scales, brain volume and hypometabolism, and clinical
diagnosis. This effect was consistent in two additional cohorts
studied in this work. While the mechanism underlying this sex
difference is unknown, our work indicated that sex may impact
the clinical interpretation of plasma NfL concentrations and
should be considered as a potential modifier of the prognostic
utility of plasma NfL in future studies.
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