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ARTICLE INFO ABSTRACT
Keywords: Background: Alzheimer’s disease (AD) and cerebral small vessel disease (CSVD) often coexist in older adults and
Alzheimer’s disease contribute to cognitive impairment. The Apolipoprotein E (APOE) £4 allele and neuroaxonal injury, measured by
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plasma neurofilament light chain (NfL), are associated with an increased risk for both AD and CSVD. However,
the relationship between APOE &4, plasma NfL, and their association with the comorbidity of AD and CSVD
remains unclear.

Objective: To investigate the longitudinal relationship among APOE ¢4, elevated plasma NfL, brain atrophy, and
cognitive decline in individuals with comorbid AD and CSVD.

Methods: We included 570 non-demented participants from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) study, categorizing them into four groups based on amyloid-# positivity and CSVD burden. Linear mixed-
effects models examined the association among APOE ¢4, plasma NfL, brain volume measured by magnetic res-
onance imaging, and cognition over 2 years. Mediation analyses assessed the role of elevated plasma NfL in the
relationship between APOE ¢4, brain atrophy, and cognitive decline.

Results: APOE ¢4 carriers showed elevated plasma NfL levels, brain atrophy, and cognitive decline. Plasma NfL
mediated the effects of APOE ¢4 on brain atrophy and cognitive decline in participants with comorbid AD and
CSVD.

Conclusion: Our findings suggest that neuroaxonal injury as a potential mechanism in the effects of APOE ¢4 on
brain atrophy and cognitive decline, highlighting the clinical utility of plasma NfL as a potential biomarker for
disease progression and response to therapeutic intervention in comorbid AD and CSVD.
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1. Introduction

Dementia is a progressive neurodegenerative syndrome character-
ized by cognitive impairment which interfere with independence of
daily living [1]. Alzheimer’s disease (AD) and cerebral small vessel dis-
ease (CSVD) are two of the most prevalent causes of dementia in older
adults [2]. AD is characterized by the accumulation of amyloid-g (Af)
plaques, neurofibrillary tangles, and neuronal loss, which contribute to
dementia symptoms [3]. In contrast, CSVD is characterized by struc-
tural brain changes observed on magnetic resonance imaging (MRI) such
as white matter hyperintensities (WMH), lacunar infarcts, and cerebral
microbleeds [4]. Approximately 50 % of dementia cases exhibit both
AD and CSVD pathologies [5], and the coexistence of these pathologies
significantly increases the risk of cognitive decline compared to either
pathology alone [6,7]. Despite this, the exact mechanisms driving the
effects of comorbid AD and CSVD on brain atrophy and cognitive im-
pairment remain unclear.

Both AD and CSVD share key risk factors, such as the Apolipoprotein
(APOE) £4 allele, which contribute to the overlapping pathophysiologi-
cal processes of these two conditions [8]. Neuroaxonal injury, a down-
stream consequence of both AD and CSVD, further exacerbates neurode-
generation and cognitive decline [9,10]. APOE &4 is the most promi-
nent genetic risk factor for sporadic AD [11,12], with carriers exhibiting
greater Ap plaque burden and more severe neurofibrillary tangles than
non-carriers, increasing the likelihood of dementia progression [13].
APOE ¢4 carriers also display volumetric decreases in specific medial
temporal lobe structures, such as the hippocampus, amygdala, and en-
torhinal cortex [14]. Moreover, APOE ¢4 is associated with an increased
risk of CSVD [15], which negatively impacts white matter integrity by
disrupting lipid transport and increasing WMH burden [16,17]. This re-
lationship is supported by diffusion tensor imaging (DTI) studies, which
show that cognitively healthy APOE ¢4 carriers frequently exhibit in-
creased radial and axial diffusivity, reflecting myelin degradation and
axonal injury [18]. Therefore, APOE ¢4 may represent a common risk
factor in comorbid AD and CSVD, contributing to brain atrophy and
cognitive impairment.

Neurofilament light chain (NfL) is a well-established biomarker for
neuroaxonal injury, with elevated levels in both cerebrospinal fluid
(CSF) and plasma reflecting axonal degeneration [19]. NfL levels show
strong consistency with DTI metrics, particularly in reflecting the sever-
ity of axonal injury [20]. Plasma NfL has gained attention as a non-
invasive biomarker due to its ease of detection and cost-effectiveness
[21]. Studies show that plasma NfL levels are elevated in the early
stages of AD [22] and strongly correlate with the A burden, hippocam-
pal atrophy, and cognitive decline [9]. Emerging studies show that el-
evated NfL levels are associated with increased WMH volumes and la-
cunar infarct burden [10], further supporting its role as a marker of
neurodegeneration in CSVD. WMH indicate increased water content,
demyelination, and axonal loss [23], while NfL serves as a nonspecific
marker of axonal injury [24,25]. Increases in CSF NfL levels are ob-
served with a higher number of WMH [26,27], and emerging studies
show that plasma NfL levels correlate with WMH [10,28,29]. Thus, el-
evated plasma NfL levels may serve as a key biomarker for neuroax-
onal injury, potentially representing a common mechanism underly-
ing comorbid AD and CSVD, leading to brain atrophy and cognitive
impairment.

APOE ¢4 carriers, who are vulnerable to both AD and CSVD, may
experience increased neuroaxonal injury due to lipid dysregulation and
myelin breakdown, leading to axonal damage and elevated NfL release
into CSF and plasma [18]. Significant differences in CSF NfL concentra-
tions between APOE &4 carriers and non-carriers have been observed
in prodromal AD patients [30]. Furthermore, studies show that blood
NfL concentrations are elevated in cognitively unimpaired (CU) APOE
€4 carriers compared to non-carriers [31]. While the roles of APOE ¢4
and NfL in AD and CSVD are well-documented, the potential for NfL to
reflect a shared neurodegenerative pathway in APOE &4 carriers with
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comorbid AD and CSVD remains underexplored. Investigating plasma
NfL as a marker of cumulative neuroaxonal damage may provide new
insights into the pathogenesis of comorbid AD and CSVD.

This study aims to investigate the relationship among APOE ¢4 sta-
tus, neuroaxonal injury (measured by plasma NfL levels), brain atrophy,
and cognitive function in individuals with comorbid AD and CSVD. We
hypothesize that plasma NfL levels mediate the relationship between
APOE ¢4, brain atrophy and cognitive decline.

2. Methods
2.1. Data source

The data used in this study were obtained from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) study on March 27, 2024. The
primary goal of ADNI is to assess whether serial MRI, positron emis-
sion tomography (PET), and various clinical, genetic, and neuropsycho-
logical markers can effectively measure the progression of mild cog-
nitive impairment (MCI) and early AD. All participants received ethi-
cal approval from institutional review boards and provided written in-
formed consent before any protocol-specific procedures were carried out
in the ADNI study. The treatment of participants in this study was in ac-
cordance with the ethical standards established by the Declaration of
Helsinki.

2.2. Participants

As previously described [32], ADNI enrolls participants aged 55-90
who are fluent in English or Spanish, have at least 6 years of education,
a Geriatric Depression Scale score of less than 6, and a modified Hachin-
ski Ischemic Scale score of less than 5 at enrollment. This study included
570 non-demented participants, comprising 224 CU individuals and 346
with MCI. Baseline data included clinical assessments, AS-PET, plasma
NfL levels, APOE &4 status, and WMH measurements, with longitudi-
nal MRI scans and neuropsychological assessments conducted over a
2-year period. CU participants were required to have a Mini-Mental
State Examination (MMSE) score greater than or equal to 24 and a Clin-
ical Dementia Rating (CDR) score of 0, as well as the absence of mem-
ory concerns. MCI participants were required to have an MMSE score
greater than or equal to 24, a CDR score of 0.5, objective memory loss,
and normal daily activities. Detailed information regarding the ADNI
inclusion and exclusion criteria can be accessed at http://adni.loni.
usc.edu/.

According to the criteria established by the National Institute on Ag-
ing and the Alzheimer’s Association, A positivity (Af+) was considered
an indicator of the AD continuum [33]. Ap+ was defined based on a
global standardized uptake value ratio (SUVR) cutoff greater than 1.11
for [18F]-florbetapir PET, as previously validated [34]. WMH, the most
common radiological feature of CSVD, were used as a primary marker
for the disease [35]. Following the guidelines proposed by Cedres et al.,
a high WMH burden was characterized by WMH volumes adjusted for
total intracranial volume (TIV) exceeding 0.00321, while a low WMH
burden was defined as volumes < 0.00321 [36]. Lacunar infarcts, pre-
sumed to result from small vessel pathology, were the second most com-
mon ischemic brain lesions after WMH [37].

In this study, AD pathology was represented by Af positivity, while
CSVD pathology was defined by the presence of either lacunar infarcts
or a high WMH burden. Using baseline data and based on these criteria,
participants were classified into the following four groups: Ag-negative
individuals with a low CSVD burden were categorized as Af—/CSVD—
(controls); Ap-negative individuals with a high CSVD burden were cat-
egorized as Af—/CSVD+; Ap-positive individuals with a low CSVD bur-
den were categorized as Af+/CSVD—; and Ap-positive individuals with
a high CSVD burden were categorized as Af+/CSVD+, indicating the
comorbidity of AD and CSVD.
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2.3. Plasma NFL measurement

Plasma NfL levels were measured using the single molecule array
(Simoa) technique at the Clinical Neurochemistry Laboratory, Univer-
sity of Gothenburg, M6lndal Campus, Molndal, Sweden. Further details
can be found at: http://adni.loni.usc.edu. Plasma NfL data were ob-
tained from the ADNI file (“ADNI_BLENNOWPLASMANFLLONG.csv”).

2.4. APOE genotypes

APOE genotypes were determined using DNA extracted by Cogenics
from a 3-mL aliquot of EDTA blood, as previously described [38]. Indi-
viduals with at least one 4 allele were classified as APOE ¢4 carriers,
and those without were classified as APOE ¢4 non-carriers. APOE geno-
types information were extracted from the ADNI file (“APOERES.csv”).

2.5. Structural MRI data

All participants underwent whole-brain MRI scanning using stan-
dardized acquisition protocols designed and implemented by ADNI
(http://adni.loni.usc.edu/methods/mri-tool/mri-analysis/). Structural
MRI data were acquired using 3.0 T scanners with T1-weighted scans us-
ing a sagittal volumetric magnetization-prepared rapid acquisition gra-
dient echo sequence at baseline, and at 1 year and 2 years. In total,107
regions of interest (ROIs) were automatically segmented according to
the Jacob atlas defined by FreeSurfer [39], which included cortical vol-
ume, surface area, thickness average and thickness standard deviation
of bilateral entorhinal, rostral anterior cingulate, caudal anterior cingu-
late; subcortical volume of bilateral amygdala, hippocampus, caudate,
choroid plexus, inferior lateral ventricle; cortical volume and thickness
average of bilateral isthmus cingulate, left superior and middle tempo-
ral, etc. The structural MRI neuroimaging data were downloaded from
the ADNI file (“UCSFFSX51_11_08_19.csv”).

2.6. WMH measurements

WMH volumes were measured using segmentation of high-resolution
3D T1 and fluid-attenuated inversion recovery sequences. An auto-
mated atlas was employed to remove non-brain structures from the
3D T1 images. The corresponding FLAIR image was then transformed
and aligned to the 3D T1 image, as previously described [40,41]. Ad-
ditional details on acquisition and segmentation can be found online
(http://www.adni.loni.usc.edu). WMH volumes were extracted from the
ADNI file (“ADNI_UCD_WMH_05_02_22.csv”).

2.7. Quantification of lacunar infarcts

Lacunar infarcts were identified by a physician from ADNI specif-
ically trained in MRI interpretation. Infarct size, location, and other
imaging characteristics were recorded and confirmed by cross-checking
against CSF density on T1 sequences and ensuring distinct separation
from vessels in certain areas of the brain, as previously described [42].
For this analysis, only lesions equal to or greater than 3 mm in size were
considered cerebral infarcts. Participants were then classified based on
the presence or absence of infarcts. Data on lacunar infarcts were ob-
tained from the ADNI file (“MRI_INFARCTS_01_29 21.csv”).

2.8. PET image acquisition and processing

All detailed image acquisition procedures can be found on the ADNI
website (http://adni.loni.usc.edu/methods/documents/). AS-PET im-
ages were acquired in four frames of 5 min each, 50-70 min post-
injection. Ap-PET values were calculated as the mean cortical grey mat-
ter SUVRs (frontal, lateral parietal, lateral temporal, anterior cingu-
late, and posterior cingulate) divided by the whole cerebellum [34].
Data on mean [18F]-florbetapir PET were obtained from the ADNI file
(“UCBERKELEYAV45_04_26_22.csv”).
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2.9. Neuropsychological assessment

Global cognition was assessed using the AD assessment scale-
cognitive subscale consisting of 11 (ADAS-Cog11) and 13 items (ADAS-
Cog13). Composite scores for episodic memory (ADNI-MEM), executive
function (ADNI-EF), language (ADNI-LAN), and visuospatial functioning
(ADNI-VS) were retrieved from the ADNI-LONI database. Global cogni-
tive outcomes examined included ADAS-Cogl1, ADAS-Cogl3 for which
higher scores correspond to worse performance. Domain-specific cogni-
tive outcomes included ADNI-MEM, ADNI-EF, ADNI-LAN, and ADNI-VS
for which higher scores correspond to better cognition. Neuropsycho-
logical assessment data at baseline, 1 year, and 2 years were obtained
from the ADNI files (“ADAS.csv,” “UWNNPSYCHSUM.csv”).

2.10. Clinical assessments and data collection

History of hypertension was evaluated during screening as part of
the Modified Hachinski Ischemic Scale. The presence of diabetes mel-
litus and hyperlipidemia was defined by self-reported diagnosis during
medical history evaluations. Body mass index (BMI) was calculated us-
ing height and weight data. Information on the history of cardiovascu-
lar diseases and smoking status was obtained from ADNI based on self-
reported information. All covariate data were compiled from the clini-
cal evaluation files (“ADNIMERGE.csv,” “MEDHIST,” “RECCMEDS.csv,”
“MODHACH.csv,” and “VITALS.csv”).

2.11. Statistical analysis

TIV-adjusted WMH volumes, AS-PET, and plasma NfL levels were
log2-transformed to achieve a normal distribution and correct for
skewed distributions. For normally distributed data, one-way ANOVA
with Bonferroni correction was used to account for multiple compar-
isons, while categorical variables were compared using the chi-square
test. For non-normally distributed continuous variables, the Kruskal-
Wallis test with Bonferroni correction was applied. Differences in base-
line cognitive measures among four groups categorized by AD pathol-
ogy and CSVD burden (Ap—/CSVD—, Ap—/CSVD+, Ap+/CSVD—, and
Ap+/CSVD+) were assessed.

Multiple linear regression models were used to examine the associa-
tion between APOE ¢4 status, baseline plasma NfL levels, structural MRI
brain ROIs, and cognitive measures. Linear mixed models with random
effects were used to explore the longitudinal relationship between APOE
€4 status and plasma NfL levels with structural MRI ROIs, and cognitive
measures. All models were adjusted for age, sex, and years of education.

Cognitive change rates were calculated by extracting subject-specific
slopes from linear mixed models. Cognitive measures were treated as the
dependent variable, and time from baseline was included as the inde-
pendent variable, with random slopes and intercepts. This approach was
similarly used to evaluate the rate of change in MRI brain ROIs.

To investigate whether the association between APOE &4 status and
the change rates of MRI brain ROIs or cognitive measures was me-
diated by plasma NfL levels in the Ap+/CSVD+ sample, a mediation
analysis was conducted following the method proposed by Baron and
Kenny [43]. The first equation regressed the mediator (plasma NfL lev-
els) on the independent variable (APOE &4 status). The second equation
regressed the dependent variable (change rates of MRI brain ROIs or
cognitive measures) on the independent variable. The third equation
regressed the dependent variable on both the independent variable and
the mediator. A mediation effect was established if the following cri-
teria were met: First, APOE ¢4 status was significantly associated with
plasma NfL levels; Second, APOE &4 status was significantly associated
with change rates of MRI brain ROIs and cognitive measures; Third,
plasma NfL levels were significantly associated with change rates of MRI
brain ROIs and cognitive measures; and Finally, the association between
APOE ¢4 status and change rates of MRI brain ROIs and cognitive mea-
sures was reduced when plasma NfL levels (the mediator) were included
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Table 1
Baseline characteristics of participants stratified by Ap and CSVD status.
AB-/CSVD- Ap-/CSVD+ Ap+/CSVD- Af+/CSVD+

Indexes (N =215) (N =94) (N =127) (N=134) P
Demographic
Age(year) 69.16 (6.45) 74.25 (6.58)" 70.63 (6.44)" 75.27 (5.74)"* <0.001
Female (%) 109 (51 %) 41 (44 %) 76 (60 %) 58 (43 %) 0.031
Education(year) 16.68 (2.42) 16.43 (2.49) 16.50 (2.65) 15.79 (2.83) 0.038
Diagnosis <0.001
CU/MCI 116/99 (54 %/ 46 %) 40/54 (43 %/ 57 %) 37/90 (29 %/71 %)* 31/103 (23 %/ 77 %)*'
Risk factors
APOE £4(%) 47 (22 %) 24 (26 %) 83 (65 %)*" 72 (54 %)*" <0.001
BMI (kg/m?) 28.22 (5.01) 27.35 (5.02) 27.74 (6.56) 27.20 (4.24) 0.069
Smoking (%) 74 (34 %) 36 (38 %) 64 (50 %) 48 (36 %) 0.024
Hypertension (%) 86 (40 %) 55 (59 %) 48 (38 %)" 83 (62 %)+ <0.001
Diabetes mellitus (%) 15 (7.0 %) 6 (6.4 %) 6 (4.7 %) 12 (9.0 %) 0.6
Hyperlipidemia (%) 59 (27 %) 36 (38 %) 41 (32 %) 51 (38 %) 0.12
Biomarkers
Ap PET SUVR 0.02 (0.07) 0.03 (0.09) 0.45 (0.19) =" 0.45 (0.17)" <0.001
Lacunar infarcts (%)° 0 (0 %) 17 (20 %)* 0 (0 %)’ 24 (18 %) <0.001
WMH volume (mL) -10.01 (1.13) —7.63 (1.06) —9.82 (1.18)' —7.27 (1.02) =+ <0.001
Plasma NfL (pg/mL;) 4.82 (0.63) 5.12 (0.70) 5.03 (0.53) 5.33 (0.58) ** <0.001
Cognition
ADNI-LAN 0.77 (0.74) 0.61 (0.71) 0.58 (0.74) 0.28 (0.79) 1>+ <0.001
ADNI-EF 0.92 (0.82) 0.47 (0.68) 0.65 (0.87) 0.27 (0.84) ** <0.001
ADNI-MEM 1.10 (0.77) 0.79 (0.68)" 0.65 (0.88) ° 0.33 (0.76) =11 <0.001
ADNI-VS 0.21 (0.68) 0.13 (0.62) 0.65 (0.89) 0.01 (0.72) 0.064
ADAS-Cogl1 6.27 (3.40) 7.06 (3.44) 0.65 (0.90) 9.83 (4.83)" 1" <0.001
ADAS-Cogl3 9.80 (5.04) 11.27 (5.28) 0.65 (0.91) 15.88 (7.17) ="+ <0.001

Note: Data are presented as mean (SD), n (%), or median (interquartile range). WMH volume was adjusted for total intracranial volume
(TIV) and log2-transformed. Plasma NfL and Ap PET SUVR were log2-transformed. Bold values represent statistically significant
results (P < 0.05). Ap, amyloid-#; CSVD, cerebral small vessel disease; SD, standard deviation; CU, cognitively unimpaired; MCI,
mild cognitive impairment; APOE, apolipoprotein E; BMI, body mass index; WMH, white matter hyperintensities; NfL, neurofilament
light; PET, positron emission tomography; SUVR, standardized uptake value ratio; ADNI-MEM, memory function; ADNI-EF, executive
function; ADNI-LAN, language function; ADNI-VS, visuospatial function; ADAS-Cogl1 or 13, Alzheimer’s Disease Assessment Scale

11- or 13-item subscale.

* Significant represented the difference between AS-CSVD- and other groups;.
T Significant represented the difference between Af-CSVD+ and Af+CSVD- or Af+/CSVD+;.
* Significant represented the difference between Af+CSVD- and Af+/CSVD+.

§ Missing data of 36 participants.

in the regression model. The magnitude of the indirect effect was es-
timated, and significance was determined through 1000 bootstrapped
iterations using the “mediate” and “bruceR” packages. Each model path
was controlled for age, years of education, and gender. The proportion
mediated was calculated by dividing the indirect effect by the total ef-
fect.

Statistical significance was defined as a two-tailed P-value of less
than 0.05. All statistical analyses were performed using R software (ver-
sion 4.3.1, R Foundation for Statistical Computing).

3. Results
3.1. Demographic and clinical characteristics

This study included 570 participants, comprising 215 Ap—/CSVD—,
94 Ap—/CSVD+, 127 Ap+/CSVD—, and 134 Ap+/CSVD+ cases (for
detailed participant selection procedures, refer to Figure S1). For
the demographic characteristics, the Ap+/CSVD+ group was signifi-
cantly older (mean + SD, 75.27 + 5.74 years) compared to both the
Ap—/CSVD- group (69.16 + 6.45 years) and the Ap+/CSVD— group
(70.63 + 6.44 years). The Ap+/CSVD+ group also had significantly
fewer years of education and a higher prevalence of MCI compared
to the Ap—/CSVD—- group. Additionally, the Ap+/CSVD+ group had a
lower proportion of female participants compared to the Ap+/CSVD—
group (see Table 1).

Compared to the Ap—/CSVD- group, the Ap+/CSVD+ group had a
greater proportion of lacunar infarcts and APOE &4 carriers, as well as
higher Ap PET SUVR levels, larger WMH volumes, and higher plasma

NfL levels. When compared to the Ap—/CSVD+ group, the Ag+/CSVD+
group exhibited a greater proportion of APOE &4 carriers and higher Ap
PET SUVR levels. Relative to the Ag+/CSVD— group, the Ap+/CSVD+
group had a greater proportion of lacunar infarcts, higher plasma NfL
levels, and larger WMH volumes (see Table 1).

In terms of cognitive performance, the Ap+/CSVD+ group, rather
than the Ap—/CSVD- group, demonstrated significant declines across
all cognitive domains except visuospatial function (measured by ADNI-
VS). Compared to the Ag+/CSVD— group, the Ap+/CSVD+ group had
lower ADNI-LAN, ADNI-EF, and ADNI-MEM scores, as well as higher
ADAS-Cog11 and ADAS-Cog13 scores, indicating poorer performance in
language, executive function, memory, and global cognition. Similarly,
compared to the Ap—/CSVD+ group, the A+/CSVD+ group showed
lower ADNI-LAN and ADNI-MEM scores, and higher ADAS-Cogl1 and
ADAS-Cog13 scores, indicating poorer performance in language, mem-
ory, and global cognition (see Table 1).

3.2. Associations of APOE &4 status with plasma NFL levels

APOE &4 carriers showed significantly higher plasma NfL levels
(B = 0.152, P = 0.002; see Table S1) compared to non-carriers in the
entire cohort of non-demented individuals, after adjusting for age, gen-
der, and years of education. When the total sample was stratified into
four subgroups, a significant association between APOE ¢4 carrier sta-
tus and plasma NfL levels was observed only in the Ag+/CSVD+ group
(B = 0.299, P = 0.002; Model 1). The association remained signifi-
cant after further adjustments for Ap PET SUVR levels and clinical di-
agnosis (CU vs. MCI) (f = 0.235, P = 0.026; Model 2; see Table S1).
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(A) Total sample

APOE &4 carrier

ApoE &4 Status
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(B) AB+/CSVD+ group

APOE &4 carrier

ApoE €4 Status

APOE &4

4 5 6
Plasma NfL (log2-transformed)

5 APoE 4 non-carier  [E5] APOE e4 carrer

Fig. 1. APOE ¢4 status distributions. Raincloud plots illustrating the distribution of plasma NfL levels stratified by APOE ¢4 carrier status versus non-carriers,
presented for the total sample (A) and the Ap+/CSVD+ subgroup (B). APOE, apolipoprotein E; NfL, neurofilament light chain; A, amyloid-g; CSVD, cerebral small

vessel disease.

Table 2

Effects of ApoE ¢ 4 on baseline structural MRI brain ROIs and cognitive outcome in the Ap+/CSVD+ participants.

APOE €4 non-carrier

APOE €4 carrier

Outcome (N =62) (N=72) P Adjusted P
Thickness average of right supramarginal 2.41 (0.14) 2.36 (0.15) 0.043 0.021
Subcortical volume of left amygdala 1338.95 (267.19) 1300.42 (223.81) 0.37 0.046
Thickness average of left entorhinal 3.34 (0.41) 3.21 (0.42) 0.078 0.019
Subcortical volume of left hippocampus 3483.26 (536.72) 3242.42 (479.21) 0.007 <0.001
Cortical volume of left middle temporal 9565.94 (1502.00) 9188.67 (1392.14) 0.13 0.005
Surface area of left middle temporal 2887.31 (386.45) 2818.69 (392.91) 0.31 0.022
Thickness average of right entorhinal 3.51 (0.42) 3.32 (0.49) 0.019 0.001
Surface area of right frontal pole 257.73 (37.21) 279.72 (51.30) 0.006 0.01
Thickness average of right frontal pole 2.58 (0.21) 2.48 (0.24) 0.012 0.019
Subcortical volume of right hippocampus 3591.95 (575.16) 3371.69 (502.66) 0.019 <0.001
ADNI-LAN 0.44 (0.75) 0.14 (0.81) 0.031 0.005
ADNI-EF 0.46 (0.85) 0.11 (0.79) 0.014 0.003
ADNI-MEM 0.61 (0.72) 0.08 (0.70) <0.001 <0.001
ADNI-VS 0.06 (0.75) —-0.04 (0.69) 0.42 0.388
ADAS-Cogl1 8.74 (4.82) 10.76 (4.67) 0.015 0.014
ADAS-Cog13 13.65 (6.91) 17.81 (6.86) <0.001 0.001

Note: Data are presented as mean (SD). adjusted P-values are corrected for age, gender, and education. Bold values represent statistically
significant results (P < 0.05). Ap, amyloid-#; CSVD, cerebral small vessel disease; SD, standard deviation; APOE, apolipoprotein E; MRI,
magnetic resonance imaging; ROIs, regions of interest; ADNI-MEM, memory function; ADNI-EF, executive function; ADNI-LAN, language
function; ADNI-VS, visuospatial function; ADAS-Cogl1 or 13, Alzheimer’s Disease Assessment Scale 11- or 13-item subscale.

Fig. 1 shows the distribution of plasma NfL levels stratified by APOE £4
status.

3.3. Associations of APOE ¢4 status with baseline structural MRI and
cognitive measures

At baseline, significant differences were observed in the 10 ROIs
of Ap+/CSVD+ individuals when stratified by APOE &4 carrier sta-
tus, after adjusting for age, gender, and years of education. APOE
€4 carriers exhibited significant cortical thinning in the right supra-
marginal gyrus, right frontal pole, and bilateral entorhinal cortices. Sig-
nificant reductions in subcortical volumes were also observed in the
bilateral hippocampus and left amygdala (all adjusted P < 0.05; see
Table 2).

At baseline, APOE ¢4 carriers also demonstrated significantly poorer
cognitive performance in language (ADNI-LAN), executive function
(ADNI-EF), memory (ADNI-MEM), and global cognition (ADAS-Cogl1,
ADAS-Cog13) compared to non-carriers (all adjusted P < 0.05; see
Table 2).

3.4. Associations of APOE &4 status with longitudinal structural MRI and
cognitive measures

Over time, APOE &4 carriers exhibited significantly faster cortical
thinning in the right supramarginal gyrus (P = 0.029), right frontal pole
(P = 0.01), and bilateral entorhinal cortices (P < 0.001). Additionally,
APOE ¢4 carriers showed accelerated reductions in the subcortical vol-
ume of the left amygdala (P = 0.001) and bilateral hippocampus (left:
P = 0.005; right: P = 0.003), as well as a significant decrease in cortical
volume in the left middle temporal region (P = 0.001) (see Table S2).

Cognitive analysis revealed that APOE &4 carriers exhibited a more
rapid decline in memory (ADNI-MEM, P = 0.045) and global cognition
(ADAS-Cogl1, P = 0.007; ADAS-Cog13, P = 0.005) (see Table S3).

3.5. Associations of plasma NFL levels with longitudinal structural MRI
and cognitive measures

Over time, higher plasma NfL levels were associated with faster cor-
tical thinning in the right parahippocampal gyrus (P = 0.044) and bi-
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Fig. 2. Associations between plasma NfL levels and longitudinal structural MRI ROIs and cognitive outcome in the Af+/CSVD+ participants. Values represent
standardized coefficients with bootstrapped 95 % confidence intervals for the interaction of baseline plasma NfL levels (log2-transformed) and time on brain volu-
metric(A) and cognitive (B) outcomes in the Ap+/CSVD+ participants. Full model estimates and P-values are presented in Tables S4 and S5 in supporting information.
NfL, neurofilament light; SV, Subcortical volume; TA, Thickness average; SA, Surface area; ADNI-MEM, memory function; ADNI-EF, executive function; ADNI-LAN,
language function; ADNI-VS, visuospatial function; ADAS-Cogl1 or 13, Alzheimer’s Disease Assessment Scale 11- or 13-item subscale; Ag, amyloid-g; CSVD, cerebral

small vessel disease; MRI, magnetic resonance imaging; ROIs, regions of interest.

lateral entorhinal cortices (left: P = 0.008; right: P = 0.003). Elevated
plasma NfL levels were also associated with faster reductions in the sur-
face area of the right frontal pole (P = 0.038) and the cortical volume
of the left middle temporal gyrus (P = 0.005). Additionally, elevated
plasma NfL levels were associated with accelerated decreases in the sub-
cortical volume of the left amygdala (P = 0.031) and bilateral hippocam-
pus (left: P = 0.01; right: P < 0.001) (see Fig. 2 and Table S4).

Cognitive analyses further revealed that individuals with higher
plasma NfL levels experienced more rapid declines in memory (ADNI-
MEM, P = 0.007) and global cognition (ADAS-Cogl1, P = 0.005; ADAS-
Cogl3, P = 0.012) (see Fig. 2 and Table S5).

3.6. Mediation effect of plasma NFL on the association between APOE ¢4
and longitudinal changes in structural MRI

In the total sample (n = 570), plasma NfL partially mediated the
association between APOE ¢4 status and the rate of cortical thinning
in the right entorhinal cortex (coefficient = —0.002; 95 % CI: [-0.004,
—0.001]; mediation effect: 14.3 %) as well as the reduction in subcor-
tical volume of the right hippocampus (coefficient = —2.098; 95 % CIL:
[-3.829, —0.741]; mediation effect: 16.3 %; see Table S6).

Notably, in Ap+/CSVD+ individuals, plasma NfL significantly me-
diated the association between APOE &4 status and the rate of cortical
thinning in the right entorhinal cortex (coefficient = —0.006; 95 % CI:
[-0.012, —0.002]; mediation effect: 27.3 %; see Table S7 and Fig. 3A)
and the reduction in subcortical volume of the right hippocampus (coef-
ficient = —3.389; 95 % CIL: [-6.895, —0.421]; mediation effect: 15.5 %;
see Table S7 and Fig. 3B). In contrast, among Ap+/CSVD- individuals,
plasma NfL did not significantly mediate the association between APOE
€4 status and the rate of cortical thinning in the right entorhinal cor-
tex (coefficient = —0.002; 95 % CI: [-0.006, 0.001]) or the reduction
in subcortical volume of the right hippocampus (coefficient = —1.697;
95 % CI: [-6.002, 0.849]; see Table S8)

3.7. Mediation effect of plasma NFL on the association between APOE &4
and longitudinal changes in cognitive measures

In the total sample (n = 570), plasma NfL was found to partially me-
diate the relationship between APOE &4 status and rapid memory dete-
rioration (coefficient = —0.013; 95 % CI: [-0.024, —0.005]; mediation
effect: 15.5 %) as well as global cognitive decline (coefficient = 0.100;
95 % CI: [0.035, 0.181]; mediation effect: 13.6 %; see Table S6).

Specifically, in Ap+/CSVD+ individuals, plasma NfL significantly
mediated the association between APOE &4 status and the rate of mem-

ory deterioration (coefficient = —0.023; 95 % CI: [-0.043, —0.005];
mediation effect: 22.8 %; see Table S7, Fig. 3C) as well as global cog-
nitive decline (coefficient = 0.164; 95 % CI: [0.026, 0.327]; mediation
effect: 14.5 %; see Table S7, Fig. 3D). In contrast, no significant me-
diation by plasma NfL was found in the association between APOE &4
status and either memory deterioration (coefficient = —0.011; 95 % CI:
[—0.034, 0.007]) or global cognitive decline (coefficient = 0.098; 95 %
CI: [-0.059, 0.293]) among Af+/CSVD— individuals (see Table S8).

3.8. Sensitivity analysis

To ensure the robustness of our findings, we performed a sensitiv-
ity analysis to reassess the mediation effect of plasma NfL on the rela-
tionship between APOE ¢4 status and longitudinal changes in structural
MRI brain ROIs and cognitive performance in Ap+/CSVD+ individu-
als. This analysis controlled for various potential confounders, including
age, gender, years of education, diabetes, hypertension, hyperlipidemia,
smoking status, BML, and diagnostic status (CU vs. MCI). Results were
consistent with the primary analysis, confirming that plasma NfL sig-
nificantly mediated the association between APOE ¢4 status, cortical
thinning in the right entorhinal cortex, subcortical volume loss in the
right hippocampus, and cognitive decline, particularly in memory and
global cognition (see Table S9). Adjusting for these covariates did not
impact the magnitude or significance of the mediation effects, further
supporting the robustness of the observed relationships.

4. Discussion

In this study, we examined the effects of APOE ¢4 and plasma NfL
on brain atrophy and cognitive decline in non-demented participants
with comorbid AD and CSVD. Our key findings are as follows: First, in
the Ap+/CSVD+ group, which represents individuals with both AD and
CSVD pathologies, we found a significantly higher prevalence of APOE
€4 carriers, elevated plasma NfL levels, and greater cognitive decline
compared to the Af—/CSVD—- group. Second, in the Ap+/CSVD+ group,
APOE ¢4 carriers with elevated plasma NfL levels exhibited accelerated
atrophy in medial temporal lobe structures, such as the hippocampus,
entorhinal cortex, and amygdala, as well as in the supramarginal gyrus
and frontal pole. We also observed greater decline in memory and global
cognition among APOE ¢4 carriers with elevated plasma NfL levels only
in the Afp+/CSVD+ group. Finally, plasma NfL significantly mediated
the relationship between APOE ¢4 and brain atrophy in the Ap+/CSVD+
group, but not in the Ag+/CSVD— group. Specifically, plasma NfL medi-
ated the association between APOE ¢4 and the rate of cortical thinning
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Fig. 3. Mediation effect of plasma NfL on the association between APOE &4 and longitudinal structural MRI ROIs and cognitive measures in the Af+/CSVD+
participants. Plasma NfL levels were log2-transformed. The indirect effect (ab), direct effect (¢’), and total effect (c) are reported. P-values were adjusted for age,
gender, years of education. APOE, apolipoprotein E; NfL, neurofilament light chain; ADNI-MEM, memory function; ADAS-Cogl1 or 13, Alzheimer’s Disease Assessment
Scale 11- or 13-item subscale; Ap, amyloid-g; CSVD, cerebral small vessel disease; MRI, magnetic resonance imaging; ROISs, regions of interest.

in the right entorhinal cortex, as well as reductions in subcortical vol-
umes of the right hippocampus. Additionally, plasma NfL mediated the
relationship between APOE ¢4 status and the rate of memory and global
cognitive decline. Our results suggest that neuroaxonal injury could play
a role in the effects of APOE &4 status on brain atrophy and cognitive
decline among persons with comorbid AD and CSVD. Hence, plasma
NfL could serve as a valuable biomarker for identifying individuals at
heightened risk for accelerated neurodegeneration and cognitive decline
in comorbid AD and CSVD, offering novel pathways for targeted thera-
peutic interventions.

It is generally known that cognitive decline and brain aging are
influenced by both neurodegenerative and vascular mechanisms. In
this study, we used imaging biomarkers to detect both AD and CSVD
pathologies. Amyloid PET was used to identify AD pathology, while
conventional MRI markers, such as WMH and lacunar infarcts, were
used to model CSVD-related changes. Our findings revealed that the
Ap+/CSVD+ group experienced more severe cognitive decline com-
pared to the Ap—/CSVD- group, consistent with previous research
showing that the combination of A pathology and vascular burden ac-
celerates cognitive decline [44].

Previous research has identified a strong association between the
APOE ¢4 allele and plasma NfL levels in relation to Ag pathology [45,46]
and WMH progression [17,47]. However, studies on this association in
comorbid AD and CSVD remain sparse. In the current study, we found a
significantly higher prevalence of APOE ¢4 carriers in the Ag+/CSVD+
and Ap+/CSVD—- groups compared to the Ap—/CSVD— group, with the
highest plasma NfL levels observed in the Ap+/CSVD+ group. These
findings provide insights into the potential synergistic role of the APOE
€4 allele and plasma NfL in the comorbidity of AD and CSVD. Several

biological mechanisms may explain these associations. First, APOE ¢4
disrupts cholesterol transport and impairs myelin repair [48], increas-
ing the susceptibility of axons to damage, particularly in white mat-
ter regions compromised by CSVD. Second, APOE ¢4 is linked to cere-
brovascular dysfunction [7], including blood-brain barrier (BBB) dis-
ruption and hypoperfusion, exacerbating white matter injury and accel-
erating WMH progression. Third, elevated neuroinflammation in APOE
€4 carriers further damage neurons and myelin [49], compounding ax-
onal injury. Collectively, Ap-related neurotoxicity and vascular injury
in APOE ¢4 contribute to accelerated brain atrophy and cognitive de-
cline, with plasma NfL serving as a critical biomarker for these pro-
cesses. Medial temporal lobe atrophy is a well-established hallmark of
early AD [50], whereas CSVD-related cognitive impairment is often
associated with subcortical ischemic lesions and frontal lobe atrophy
[51]. Elevated plasma NfL levels are thought to capture both vascular
injury, including the progression of white matter lesions, and neurode-
generative changes, such as medial temporal atrophy [47]. Our study
found that Ap+/CSVD+ individuals, particularly APOE ¢4 carriers with
high plasma NfL levels, exhibited accelerated atrophy in these regions.
The presence of both A and vascular mechanism likely accelerates the
cognitive decline in Ap+/CSVD+ individuals, hence forting previous re-
search on the compounded impact of comorbid AD and CSVD on neu-
rodegenerative processes [47].

Our findings are consistent with previous research indicating that
APOE ¢4 carriers exhibit elevated plasma NfL levels [52], particularly
in the Ap+/CSVD+ subgroup. While findings from Mielke et al. did not
find a significant effect of APOE €4 on plasma or CSF NfL levels in CU
individuals [53], this discrepancy may arise from the possibility that
NfL levels do not markedly increase until neurodegenerative processes
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become more pronounced [54]. In cohorts with a higher proportion
of APOE ¢4 non-carriers, the absence of significant neurodegenerative
changes might lead to stable NfL levels despite the presence of the APOE
€4 allele. In contrast, our study includes a more balanced representation
of APOE ¢4 carriers, likely reflecting a broader variation in NfL levels
due to the compounded effects of AD and CSVD. This suggests that the
interplay between these factors may heighten the sensitivity of plasma
NfL as a biomarker in populations with comorbid pathologies.

While APOE ¢4 and plasma NfL have been independently studied
in relation to cognitive decline, few studies have explored the interac-
tions of APOE ¢4 and NfL on brain volumes and cognitive performance.
Our study contributes to the existing literature by demonstrating that
plasma NfL mediates the effects of APOE &4 on brain atrophy, partic-
ularly in the right entorhinal cortex and hippocampus, in individuals
with comorbid AD and CSVD. In contrast, no significant mediation effect
was observed in Af+/CSVD- individuals, suggesting that CSVD exacer-
bates the impact of NfL on brain atrophy and cognitive decline through
other mechanisms. These mechanisms may involve neuroinflammation,
chronic hypoperfusion, and BBB dysfunction, and will require further
clarification [55-571].

The right-sided atrophy observed in our study may reflect asymmet-
rical brain involvement in AD and vascular pathology. Previous research
has documented asymmetry in hippocampal atrophy in AD, often vary-
ing by clinical stage or APOE &4 status [58]. However, these studies have
not fully accounted for the influence of coexisting vascular pathology,
which may also affect atrophy patterns. The laterality of atrophy ob-
served in this study suggests that vascular pathology may play a role in
brain asymmetry, warranting further exploration in future studies. The
link between right-sided atrophy and cognitive decline in our study also
highlights the importance of considering laterality in cognitive assess-
ments, as some tests may be less sensitive to non-dominant hemisphere
functions.

To our knowledge, this is the first study to describe the mediating
effects of plasma NfL on the association between APOE &4 and both
brain atrophy and cognitive decline in individuals with comorbid AD
and CSVD. Specifically, we found that elevated plasma NfL levels serve
as a significant mediator in the association with accelerated atrophy in
critical regions, such as the right entorhinal cortex and hippocampus.
This highlights the potential of plasma NfL as a valuable biomarker for
identifying individuals at increased risk for cognitive decline and neu-
rodegeneration, providing insights into the complex interplay between
genetic, vascular, and neurodegenerative factors.

Several limitations should be acknowledged in this study. First, the
data were retrospectively obtained from the ADNI database, which may
have introduced selection bias. The study participants were predomi-
nantly from higher socioeconomic and educational backgrounds, poten-
tially limiting the generalizability of the findings to more diverse pop-
ulations. Second, the sample size was relatively small, particularly in
subgroups defined by disease status or A positivity. Additionally, the
reliance on PET-derived Ap burden as the primary biomarker of amy-
loid pathology likely further limited the sample size due to the high
costs and limited availability of PET scans. Third, although WMH was
included as the primary MRI-based marker of CSVD pathology, there
is the potential for overlap between contributions from CSVD and cere-
bral amyloid angiopathy (CAA). However, previous analyses of the ADNI
dataset suggest that WMH predominantly reflects non-CAA-related vas-
cular changes [59]. Moreover, this study focuses on CU and MCI, in
which the prevalence and severity of CAA are relatively low [60]. Fu-
ture research should incorporate advanced biomarkers, such as high-
resolution imaging techniques, and recruit larger, more diverse longitu-
dinal cohorts to further delineate the respective contributions of CSVD
and CAA to WMH burden, as well as to establish the relationship be-
tween AD and CSVD comorbidity.

In conclusion, our findings suggest that neuroaxonal injury may play
a pivotal role in the relationship between APOE &4 and the progression
of brain atrophy and cognitive decline in individuals with comorbid AD
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and CSVD. These findings underscore the potential of plasma NfL as a
valuable biomarker for monitoring disease progression and evaluating
the efficacy of therapeutic interventions, particularly in individuals with
a higher burden of Ag and CSVD pathology.

Declarations
Ethics approval and consent to participate

Ethical approval was obtained from the institutional review boards
of all participating ADNI sites, and the study was conducted in accor-
dance with the Declaration of Helsinki.

Consent for publication

Consent for publication is not applicable to this article as no personal
data were contained.

Data availability

Data used in this study are available from the ADNI database
(adni.loni.usc.edu) upon registration and compliance with the data us-
age agreement.

Declaration of generative AI and Al-assisted technologies in the
writing process

No.
Funding

MWB is supported by the Chinese National Natural Science Founda-
tion (No. 81571234). MK is supported by the Shandong Provincial key
research and development project (No. 2018GSF118235).

Declaration of competing interest
All authors have no conflicts of interest.
CRediT authorship contribution statement

Chunhua Zhang: Writing - original draft, Investigation, Data cu-
ration. Bingyu Li: Writing — review & editing, Data curation. Kok Pin
Ng: Writing — review & editing, Data curation. Yaojun Tai: Supervision,
Methodology. Yuanming Tai: Supervision, Conceptualization. Xicheng
Song: Writing - review & editing, Conceptualization. Min Kong: Writ-
ing — review & editing. Maowen Ba: Methodology, Funding acquisition,
Conceptualization.

Acknowledgments

The authors thank all the researchers and participants in the ADNI
study. Data collection and sharing for this project was funded 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 Foun-
dation; Araclon

Biotech; BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company;
CereSpir, Inc.; Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly
and Company; Eurolmmun; F. Hoffmann-La Roche Ltd and its affiliated
company Genentech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.; Janssen
Alzheimer Immunotherapy Research & Development, LLC.; Johnson


http://adni.loni.usc.edu
https://doi.org/10.13039/501100001809
http://dx.doi.org/10.13039/100007333
http://dx.doi.org/10.13039/100000049

JID: TIPAD

C. Zhang, B. Li, K.P. Ng et al.

&Johnson Pharmaceutical Research & Development LLC.; Lumosity;
Lundbeck; Merck &Co., Inc.; Meso Scale Diagnostics, LLC.; NeuroRx
Research; Neurotrack Technologies; Novartis Pharmaceuticals Corpora-
tion; 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 organization
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 disseminated by
the Laboratory for Neuro Imaging at the University of Southern Califor-

nia.

Supplementary materials

Supplementary material associated with this article can be found, in

the online version, at doi:10.1016/j.tjpad.2024.100054.

References

[1]
[2]
[3]
[4]

[5]

[6]

[7

—

[8

=

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Scott KR, Barrett AM. Dementia syndromes: evaluation and treatment. Expert Rev
Neurother 2007;7(4):407-22. doi:10.1586/14737175.7.4.407.

Alzheimer’s Association2016 Alzheimer’s disease facts and figures. Alzheimers De-
ment 2016;12(4):459-509. doi:10.1016/j.jalz.2016.03.001.

Wenk GL. Neuropathologic changes in Alzheimer’s disease. J Clin Psychiatry
2003;64(Suppl 9):7-10.

Wardlaw JM, Smith EE, Biessels GJ, et al. Neuroimaging standards for research into
small vessel disease and its contribution to ageing and neurodegeneration. Lancet
Neurol 2013;12(8):822-38. doi:10.1016/51474-4422(13)70124-8.

Iadecola C. The pathobiology of vascular dementia. Neuron 2013;80(4):844-66.
doi:10.1016/j.neuron.2013.10.008.

Vemuri P, Lesnick TG, Przybelski SA, et al. Vascular and amyloid pathologies are
independent predictors of cognitive decline in normal elderly. Brain 2015;138(Pt
3):761-71. doi:10.1093/brain/awu393.

Schilling S, DeStefano AL, Sachdev PS, et al. APOE genotype and MRI mark-
ers of cerebrovascular disease: systematic review and meta-analysis. Neurology
2013;81(3):292-300. doi:10.1212/WNL.0b013e31829bfda4.

Gorelick PB, Scuteri A, Black SE, et al. Vascular contributions to cognitive im-
pairment and dementia: a statement for healthcare professionals from the ameri-
can heart association/american stroke association. Stroke 2011;42(9):2672-713.
doi:10.1161/STR.0b013e3182299496.

Mattsson N, Andreasson U, Zetterberg H, Blennow K. Association of Plasma Neuro-
filament Light With Neurodegeneration in Patients With Alzheimer Disease. JAMA
Neurol 2017;74(5):557-66. doi:10.1001/jamaneurol.2016.6117.

Duering M, Konieczny MJ, Tiedt S, et al. Serum Neurofilament Light Chain Lev-
els Are Related to Small Vessel Disease Burden. J Stroke 2018;20(2):228-38.
doi:10.5853/j0s.2017.02565.

Corder EH, Saunders AM, Strittmatter WJ, et al. Gene dose of apolipoprotein E
type 4 allele and the risk of Alzheimer’s disease in late onset families. Science
1993;261(5123):921-3. doi:10.1126/science.8346443.

Raulin AC, Doss SV, Trottier ZA, Ikezu TC, Bu G, Liu CC. ApoE in Alzheimer’s dis-
ease: pathophysiology and therapeutic strategies. Mol Neurodegener 2022;17(1):72.
doi:10.1186/513024-022-00574-4.

Serrano-Pozo A, Das S, Hyman BT. APOE and Alzheimer’s disease: advances in genet-
ics, pathophysiology, and therapeutic approaches. Lancet Neurol 2021;20(1):68-80.
doi:10.1016/51474-4422(20)30412-9.

Burggren AC, Zeineh MM, Ekstrom AD, et al. Reduced cortical thickness in hip-
pocampal subregions among cognitively normal apolipoprotein E e4 carriers. Neu-
roimage 2008;41(4):1177-83. doi:10.1016/j.neuroimage.2008.03.039.

Hegh P, Garde E, Mortensen EL, Jorgensen OS, Krabbe K, Waldemar G. The
apolipoprotein E epsilon4-allele and antihypertensive treatment are associated with
increased risk of cerebral MRI white matter hyperintensities. Acta Neurol Scand
2007;115(4):248-53. doi:10.1111/j.1600-0404.2006.00779.x.

Brickman AM, Schupf N, Manly JJ, et al. APOE &4 and risk for Alzheimer’s disease: do
regionally distributed white matter hyperintensities play a role? Alzheimers Dement
2014;10(6):619-29. doi:10.1016/j.jalz.2014.07.155.

Sudre CH, Cardoso MJ, Frost C, et al. APOE ¢4 status is associated with white matter
hyperintensities volume accumulation rate independent of AD diagnosis. Neurobiol
Aging 2017;53:67-75. doi:10.1016/j.neurobiolaging.2017.01.014.
Tato-Ferndndez C, Ekblad LL, Pietild E, et al. Cognitively healthy APOE4/4 carriers
show white matter impairment associated with serum NfL and amyloid-PET. Neuro-
biol Dis 2024;192:106439. doi:10.1016/j.nbd.2024.106439.

Petzold A. Neurofilament phosphoforms: surrogate markers for axonal injury, degen-
eration and loss. J Neurol Sci 2005;233(1):183-98. doi:10.1016/j.jns.2005.03.015.
Nabizadeh F, Balabandian M, Rostami MR, et al. Plasma neurofilament light levels
correlate with white matter damage prior to Alzheimer’s disease: results from ADNI.
Aging Clin Exp Res 2022;34(10):2363-72. doi:10.1007/540520-022-02095-y.

Qu Y, Tan CC, Shen XN, et al. Association of Plasma Neurofilament Light With
Small Vessel Disease Burden in Nondemented Elderly: a Longitudinal Study. Stroke
2021;52(3):896-904. doi:10.1161/STROKEAHA.120.030302.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(301

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[m5GeSdc;January 9, 2025;14:57]

The Journal of Prevention of Alzheimer’s Disease xxx (xxxx) Xxx

Loeffler T, Schilcher I, Flunkert S, Hutter-Paier B. Neurofilament-Light Chain as
Biomarker of Neurodegenerative and Rare Diseases With High Translational Value.
Front Neurosci 2020;14:579. doi:10.3389/fnins.2020.00579.

Wardlaw JM, Valdés Hernandez MC, Muiioz-Maniega S. What are white matter hy-
perintensities made of? Relevance to vascular cognitive impairment. J Am Heart
Assoc 2015;4(6):001140. doi:10.1161/JAHA.114.001140.

Gaetani L, Blennow K, Calabresi P, Di Filippo M, Parnetti L, Zetterberg H. Neuro-
filament light chain as a biomarker in neurological disorders. J Neurol Neurosurg
Psychiatry 2019;90(8):870-81. doi:10.1136/jnnp-2018-320106.

Bridel C, Wieringen WN van, Zetterberg H, et al. Diagnostic Value of Cere-
brospinal Fluid Neurofilament Light Protein in Neurology: a Systematic Review
and Meta-analysis. JAMA Neurol 2019;76(9):1035. doi:10.1001/jamaneurol.2019.
1534.

Meeker KL, Butt OH, Gordon BA, et al. Cerebrospinal fluid neurofilament light chain
is a marker of aging and white matter damage. Neurobiol Dis 2022;166:105662.
doi:10.1016/j.nbd.2022.105662.

Osborn KE, Liu D, Samuels LR, et al. Cerebrospinal fluid g-amyloid42 and neurofila-
ment light relate to white matter hyperintensities. Neurobiol Aging 2018;68:18-25.
doi:10.1016/j.neurobiolaging.2018.03.028.

Gattringer T, Pinter D, Enzinger C, et al. Serum neurofilament light is sensi-
tive to active cerebral small vessel disease. Neurology 2017;89(20):2108-14.
doi:10.1212/WNL.0000000000004645.

Sun Y, Tan L, Xu W, et al. Plasma Neurofilament Light and Longitudinal Progression
of White Matter Hyperintensity in Elderly Persons Without Dementia. J Alzheimers
Dis 2020;75(3):729-37. do0i:10.3233/JAD-200022.

Mattsson N, Eriksson O, Lindberg O, et al. Effects of APOE ¢4 on neuroimaging, cere-
brospinal fluid biomarkers, and cognition in prodromal Alzheimer’s disease. Neuro-
biol Aging 2018;71:81-90. doi:10.1016/j.neurobiolaging.2018.07.003.

Koivumiki M, Ekblad L, Lantero-Rodriguez J, et al. Blood biomarkers of neurode-
generation associate differently with amyloid deposition, medial temporal atrophy,
and cerebrovascular changes in APOE e4-enriched cognitively unimpaired elderly.
Alzheimers Res Ther 2024;16(1):112. doi:10.1186/s13195-024-01477-w.

Petersen RC, Aisen PS, Beckett LA, et al. Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI): clinical characterization. Neurology 2010;74(3):201-9.
doi:10.1212/WNL.0b013e3181cb3e25.

Jack CR, Bennett DA, Blennow K, et al. NIA-AA Research Framework: toward a
biological definition of Alzheimer’s disease. Alzheimers Dement 2018;14(4):535-
62. doi:10.1016/j.jalz.2018.02.018.

Landau SM, Mintun MA, Joshi AD, et al. Amyloid deposition, hypometabolism,
and longitudinal cognitive decline. Ann Neurol 2012;72(4):578-86.
doi:10.1002/ana.23650.

Vernooij MW, Ikram MA, Tanghe HL, et al. Incidental findings on brain MRI in
the general population. N Engl J Med 2007;357(18):1821-8. doi:10.1056/NEJ-
Mo0a070972.

Cedres N, Ferreira D, Machado A, et al. Predicting Fazekas scores from auto-
matic segmentations of white matter signal abnormalities. Aging (Albany NY)
2020;12(1):894-901. doi:10.18632/aging.102662.

Pasi M, Cordonnier C. Clinical Relevance of Cerebral Small Vessel Diseases. Stroke
2020;51(1):47-53. doi:10.1161/STROKEAHA.119.024148.

Saykin AJ, Shen L, Foroud TM, et al. Alzheimer’s Disease Neuroimaging Initiative
biomarkers as quantitative phenotypes: genetics core aims, progress, and plans.
Alzheimers Dement 2010;6(3):265-73. doi:10.1016/j.jalz.2010.03.013.

Bryant C, Giovanello KS, Ibrahim JG, et al. Mapping the genetic variation of regional
brain volumes as explained by all common SNPs from the ADNI study. PLoS One
2013;8(8):€71723. doi:10.1371/journal.pone.0071723.

DeCarli C, Murphy DG, Teichberg D, Campbell G. Sobering GS. Local histogram
correction of MRI spatially dependent image pixel intensity nonuniformity. J Magn
Reson Imaging 1996;6(3):519-28. doi:10.1002/jmri.1880060316.

Fletcher E, Carmichael O, Decarli C. MRI non-uniformity correction through inter-
leaved bias estimation and B-spline deformation with a template. Annu Int Conf IEEE
Eng Med Biol Soc 2012;2012:106-9. doi:10.1109/EMBC.2012.6345882.

DeCarli C, Massaro J, Harvey D, et al. Measures of brain morphology and infarc-
tion in the framingham heart study: establishing what is normal. Neurobiol Aging
2005;26(4):491-510. doi:10.1016/j.neurobiolaging.2004.05.004.

Baron RM, Kenny DA. The moderator-mediator variable distinction in social psy-
chological research: conceptual, strategic, and statistical considerations. J Pers Soc
Psychol 1986;51(6):1173-82. do0i:10.1037//0022-3514.51.6.1173.

Rabin JS, Nichols E, La Joie R, et al. Cerebral amyloid angiopathy interacts
with neuritic amyloid plaques to promote tau and cognitive decline. Brain
2022;145(8):2823-33. doi:10.1093/brain/awac178.

Polvikoski T, Sulkava R, Haltia M, et al. Apolipoprotein E, dementia, and cor-
tical deposition of beta-amyloid protein. N Engl J Med 1995;333(19):1242-7.
doi:10.1056/NEJM199511093331902.

Brickman AM, Manly JJ, Honig LS, et al. Plasma p-taul81, p-tau217, and other
blood-based Alzheimer’s disease biomarkers in a multi-ethnic, community study.
Alzheimers Dement 2021;17(8):1353-64. doi:10.1002/alz.12301.

Chong JR, Hilal S, Ashton NJ, et al. Brain atrophy and white matter hyperintensities
are independently associated with plasma neurofilament light chain in an Asian co-
hort of cognitively impaired patients with concomitant cerebral small vessel disease.
Alzheimers Dement (Amst) 2023;15(1):e12396. doi:10.1002/dad2.12396.
Blanchard JW, Akay LA, Davila-Velderrain J, et al. APOE4 impairs myelination
via cholesterol dysregulation in oligodendrocytes. Nature 2022;611(7937):769-79.
doi:10.1038/541586-022-05439-w.

Zhao N, Liu CC, Qiao W, Bu G, Apolipoprotein E. Receptors and Modulation of
Alzheimer’s Disease. Biol Psychiatry 2018;83(4):347-57. doi:10.1016/j.biopsych.
2017.03.003.


http://www.fnih.org
https://doi.org/10.1016/j.tjpad.2024.100054
https://doi.org/10.1586/14737175.7.4.407
https://doi.org/10.1016/j.jalz.2016.03.001
http://refhub.elsevier.com/S2274-5807(24)00716-7/sbref0003
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1016/j.neuron.2013.10.008
https://doi.org/10.1093/brain/awu393
https://doi.org/10.1212/WNL.0b013e31829bfda4
https://doi.org/10.1161/STR.0b013e3182299496
https://doi.org/10.1001/jamaneurol.2016.6117
https://doi.org/10.5853/jos.2017.02565
https://doi.org/10.1126/science.8346443
https://doi.org/10.1186/s13024-022-00574-4
https://doi.org/10.1016/S1474-4422(20)30412-9
https://doi.org/10.1016/j.neuroimage.2008.03.039
https://doi.org/10.1111/j.1600-0404.2006.00779.x
https://doi.org/10.1016/j.jalz.2014.07.155
https://doi.org/10.1016/j.neurobiolaging.2017.01.014
https://doi.org/10.1016/j.nbd.2024.106439
https://doi.org/10.1016/j.jns.2005.03.015
https://doi.org/10.1007/s40520-022-02095-y
https://doi.org/10.1161/STROKEAHA.120.030302
https://doi.org/10.3389/fnins.2020.00579
https://doi.org/10.1161/JAHA.114.001140
https://doi.org/10.1136/jnnp-2018-320106
https://doi.org/10.1001/jamaneurol.2019.\penalty -\@M 1534
https://doi.org/10.1016/j.nbd.2022.105662
https://doi.org/10.1016/j.neurobiolaging.2018.03.028
https://doi.org/10.1212/WNL.0000000000004645
https://doi.org/10.3233/JAD-200022
https://doi.org/10.1016/j.neurobiolaging.2018.07.003
https://doi.org/10.1186/s13195-024-01477-w
https://doi.org/10.1212/WNL.0b013e3181cb3e25
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1002/ana.23650
https://doi.org/10.1056/NEJMoa070972
https://doi.org/10.18632/aging.102662
https://doi.org/10.1161/STROKEAHA.119.024148
https://doi.org/10.1016/j.jalz.2010.03.013
https://doi.org/10.1371/journal.pone.0071723
https://doi.org/10.1002/jmri.1880060316
https://doi.org/10.1109/EMBC.2012.6345882
https://doi.org/10.1016/j.neurobiolaging.2004.05.004
https://doi.org/10.1037//0022-3514.51.6.1173
https://doi.org/10.1093/brain/awac178
https://doi.org/10.1056/NEJM199511093331902
https://doi.org/10.1002/alz.12301
https://doi.org/10.1002/dad2.12396
https://doi.org/10.1038/s41586-022-05439-w
https://doi.org/10.1016/j.biopsych.\penalty -\@M 2017.03.003

JID: TIPAD

C. Zhang, B. Li, K.P. Ng et al.

[50]

[51]

[52]

[53]

[54]

[55]

Frisoni GB, Fox NC, Jack CR, Scheltens P, Thompson PM. The clinical use of struc-
tural MRI in Alzheimer disease. Nat Rev Neurol 2010;6(2):67-77. doi:10.1038/
nrneurol.2009.215.

Risacher SL, Saykin AJ. Neuroimaging biomarkers of neurodegenerative diseases
and dementia. Semin Neurol 2013;33(4):386-416. doi:10.1055/s-0033-1359312.
Malek-Ahmadi M, Su Y, Ghisays V, et al. Plasma NfL is associated with the APOE ¢4
allele, brain imaging measurements of neurodegeneration, and lower recall memory
scores in cognitively unimpaired late-middle-aged and older adults. Alzheimers Res
Ther 2023;15:74. doi:10.1186/513195-023-01221-w.

Mielke MM, Syrjanen JA, Blennow K, et al. Plasma and CSF neurofilament
light: relation to longitudinal neuroimaging and cognitive measures. Neurology
2019;93(3):e252-60. doi:10.1212/WNL.0000000000007767.

Jing X, Wang L, Song M, et al. Serum neurofilament light chain and inflammatory
cytokines as biomarkers for early detection of mild cognitive impairment. Sci Rep
2024;14:9072. doi:10.1038/541598-024-59530-5.

Pantoni L. Cerebral small vessel disease: from pathogenesis and clinical
characteristics to therapeutic challenges. Lancet Neurol 2010;9(7):689-701.
doi:10.1016/51474-4422(10)70104-6.

10

[56]

[571

[58]

[59]

[60]

[m5GeSdc;January 9, 2025;14:57]

The Journal of Prevention of Alzheimer’s Disease xxx (xxxx) Xxx

Poh L, Sim WL, Jo DG, et al. The role of inflammasomes in vascular cog-
nitive impairment. Mol Neurodegener 2022;17(1):4. doi:10.1186/513024-021-
00506-8.

Sun Z, Gao C, Gao D, et al. Reduction in pericyte coverage leads to blood-
brain barrier dysfunction via endothelial transcytosis following chronic cere-
bral hypoperfusion. Fluids Barriers CNS 2021;18(1):21. doi:10.1186/512987-021-
00255-2.

Barnes J, Scahill RI, Schott JM, Frost C, Rossor MN, Fox NC. Does Alzheimer’s dis-
ease affect hippocampal asymmetry? Evidence from a cross-sectional and longitu-
dinal volumetric MRI study. Dement Geriatr Cogn Disord 2005;19(5-6):338-44.
doi:10.1159/000084560.

Phuah CL, Chen Y, Strain JF, et al. Association of data-driven white matter hyperin-
tensity spatial signatures with distinct cerebral small vessel disease etiologies. Neu-
rology 2022;99(23):e2535-47. doi:10.1212/WNL.0000000000201186.

Keage HAD, Carare RO, Friedland RP, et al. Population studies of sporadic cere-
bral amyloid angiopathy and dementia: a systematic review. BMC Neurol 2009;9:3.
doi:10.1186/1471-2377-9-3.


https://doi.org/10.1038/\penalty -\@M nrneurol.2009.215
https://doi.org/10.1055/s-0033-1359312
https://doi.org/10.1186/s13195-023-01221-w
https://doi.org/10.1212/WNL.0000000000007767
https://doi.org/10.1038/s41598-024-59530-5
https://doi.org/10.1016/S1474-4422(10)70104-6
https://doi.org/10.1186/s13024-021-\penalty -\@M 00506-8
https://doi.org/10.1186/s12987-021-\penalty -\@M 00255-2
https://doi.org/10.1159/000084560
https://doi.org/10.1212/WNL.0000000000201186
https://doi.org/10.1186/1471-2377-9-3

	Plasma neurofilament light mediates the effects of Apolipoprotein E on brain atrophy and cognitive decline in the comorbid Alzheimer’s disease and cerebral small vessel disease
	1 Introduction
	2 Methods
	2.1 Data source
	2.2 Participants
	2.3 Plasma NFL measurement
	2.4 APOE genotypes
	2.5 Structural MRI data
	2.6 WMH measurements
	2.7 Quantification of lacunar infarcts
	2.8 PET image acquisition and processing
	2.9 Neuropsychological assessment
	2.10 Clinical assessments and data collection
	2.11 Statistical analysis

	3 Results
	3.1 Demographic and clinical characteristics
	3.2 Associations of APOE &#x03B5;4 status with plasma NFL levels
	3.3 Associations of APOE &#x03B5;4 status with baseline structural MRI and cognitive measures
	3.4 Associations of APOE &#x03B5;4 status with longitudinal structural MRI and cognitive measures
	3.5 Associations of plasma NFL levels with longitudinal structural MRI and cognitive measures
	3.6 Mediation effect of plasma NFL on the association between APOE &#x03B5;4 and longitudinal changes in structural MRI
	3.7 Mediation effect of plasma NFL on the association between APOE &#x03B5;4 and longitudinal changes in cognitive measures
	3.8 Sensitivity analysis

	4 Discussion
	Declarations
	Ethics approval and consent to participate

	Consent for publication
	Data availability
	Declaration of generative AI and AI-assisted technologies in the writing process
	Funding
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


