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Abstract

INTRODUCTION: The plasma proteome’s mediating or moderating roles in the asso-
ciation between poor cardiovascular health (CVH) and brain white matter (WM)
microstructural integrity are largely unknown.

METHODS: Data from 3953 UK Biobank participants were used (40-70 years, 2006~
2010), with a neuroimaging visit between 2014 and 2021. Poor CVH was determined
using Life’s Essential 8 (LE8) and reversing standardized z-scores (LES, ). The
plasma proteome was examined as a potential mediator or moderator of LES8, ,.,’s
effects on quantitative diffusion-weighted magnetic resonance imaging (dMRI)
metrics.

RESULTS: LES, ., was significantly associated with deteriorated WM microstructural
integrity, as reflected by lower tract-averaged fractional anisotropy (dMRI-FA,...),
(B + standared error (SE): —0.00152 + 0.0003, p < 0.001) and higher tract-averaged
orientation dispersion (dAMRI-OD,.,), (8 = SE:+0.00081 + 0.00017, p < 0.001). Ten
strongly mediating plasma proteins of 1463 were identified, with leptin as the principal
driver.

DISCUSSION: Poor CVH is linked to poor WM microstructural integrity measures
(lower FA,can and higher OD,.,,), mostly mediated through leptin.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | BACKGROUND

Dementia is a leading cause of disability and mortality among aging
people,12 with Alzheimer’s disease (AD) being the most frequently
observed subtype.® AD is a progressive neurodegenerative disorder
with multifactorial etiology, causing temporal decrements in episodic
memory and cognitive impairment.* Risk factors for late-onset AD
include older age, family history, and genetics, with the apolipopro-
tein E (APOE) ¢4 allele being a major genetic risk factor.> The 2020
Lancet Commission, and its more recent 2024 update, identified 14
modifiable risk factors contributing to ~40% of dementia cases.®’
Diet, physical activity, smoking, and sleep partially mediate some
socio-economic disparities in dementia risk.® The American Heart
Association’s Life’s Essential 8 (LE8), a composite measure of cardio-
vascular health (CVH), has recently been developed as an upgrade to
Life’s Simple 7 (LS7).71° The LE8 score is based on four lifestyle fac-
tors, namely diet, physical activity, nicotine exposure, and sleep health,
combined with biological factors, namely body mass index (BMI), blood
pressure, blood cholesterol, and blood glucose, with higher scores indi-
cating better CVH.?10 The LES, like the LS7, has been proposed as
a framework to identify factors that may affect dementia incidence
among numerous other health outcomes.8-1¢ Given that dementia
and AD are polygenic traits,” at least one study showed that both
CVH based on the LS7 and genetic risk for AD contribute to demen-
tia risk.)” Studies on the plasma proteome and CVH were primarily
targeted, although the plasma proteome has been linked to all-cause
dementia in large-scale proteomics.'8-22 Furthermore, sex differences
were shown for both CVH (along with its components) and dementia
incidence. 2324

Magnetic resonance imaging (MRI) is a powerful tool for studying
brain tissue alterations that may contribute to neuropsychiatric and
neurodegenerative disorders, such as AD.25-27 Diffusion tensor imag-
ing (DTI) is a prominent technique used to characterize microstructural
changes in cerebral tissue.? DTl indices, such as fractional anisotropy
(FA) and mean diffusivity (MD), quantify the degree of anisotropy and

overall diffusion of water within brain tissue>3! and have been used

the principal driver.

aging, cardiovascular health, diffusion-weighted magnetic resonance imaging, Life’s Essential 8,
plasma proteomic biomarkers, white matter microstructural integrity

* Upto 3953 UK Biobank participants were selected for this study.

* Poor cardiovascular health (CVH) was determined using Life’s Essential 8.

* The plasma proteome was examined as a potential mediator or moderator of poor
CVH’s effect on dMRI metrics.

» Ten plasma proteins were identified with strong mediating effects, with leptin being

to study cerebral aging and degeneration,32-37 showing variations in
deterioration across different segments within specific tracts.32 DTI
offers insights into brain microstructural changes, particularly in vul-
nerable areas like the frontal lobes.33 DTI can be a critical tool for iden-
tifying neural underpinnings of various psychopathologies.* Although
higher cerebral blood flow (CBF) is linked to better WM integrity
preservation,> obesity is associated with worsening of this brain
health outcome, potentially contributing to cognitive and neuropsy-
chiatric disorders.3¢ The latter finding was corroborated for other
cardiovascular risk factors including hypertension, diabetes, and high
cholesterol.3” More recently, multicomponent diffusion approaches
like neurite orientation dispersion and density imaging (NODDI) have
been introduced, providing additional biomarkers of cerebral tissue,
such as neurite density index (NDI) and orientation dispersion index
(ODI), beyond DTl metrics.® DTI and NODDI can be placed under the
umbrella of diffusion-weighted MRI (dMRI).

Cognitive aging has been frequently linked with proteins such as
C-reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor
alpha (TNF-a), apolipoprotein E (ApoE), and fibrinogen,?~42 which can
potentially mediate or mediate the associations between CVH and
dementia-related MRI outcomes through several mechanisms.*3-4¢
Similarly, ApoE is crucial in lipid transport and has been linked
to AD pathology, including amyloid plague accumulation and brain
atrophy and impaired myelination, as well as poor CVH.*’#® There-
fore, poor CVH, characterized by elevated levels of these pro-
teins, could result in the structural brain changes observed on
MRI.

Nevertheless, the potential mediating and/or moderating effects
of the plasma proteome on the relationship between poor CVH and
dMRI-based metrics is yet to be studied in large-scale cohorts. In
this original study, we comprehensively investigated the relationship
of poor CVH (measured with LE8) with cerebral white matter (WM)
microstructural integrity, assessed using DTl and NODDI dMRI met-
rics, among UK Biobank participants, with a focus on the potential
mediating and moderating effects of the plasma proteome in this

relationship.
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2 | METHODS
2.1 | Database

The UK Biobank is a prospective study that included a little over
500,000 UK residents who were recruited between the years of 2006
and 2010, as long as their baseline ages ranged between 37 and 73
years.*? The study’s goals and methodology are explained elsewhere.*?
After being selected, participants were sent to one of 22 assessment
sites (located within 25 miles) in England, Scotland, or Wales to com-
plete touch-screen and self-administered questionnaires in addition
to an in-person interview.*? Phenotypic measurements and biological
samples were acquired.*” A wide range of measurable exposures for
various areas of interest were chosen for the UK Biobank question-
naire following a thorough assessment of prior observational studies,
clinical trials, and demographic surveys, as well as collaboration with
international experts. The present application number 77,963 was
approved by the UK Biobank access management team, and ethical
approval was also obtained from the National Institutes of Health’s

Institutional Review Board.

2.1.1 | Dementia exclusion criterion

Using linkage over time with electronic health records, including from
hospitalizations, individuals whose age at the onset of dementia was
younger than their initial age at baseline assessment were elimi-
nated using algorithmically generated data for dementia occurrences
(reported in fields 42,018 and 42,020).%°

2.1.2 | dMRI phenotypic outcomes

In an ongoing secondary investigation that began in 2014 and had
recruited 50,000 participants by October 2022, brain MRIs were con-
ducted on a subset of UK Biobank participants at three different MRI
locations around the study area.>%52 Among several standard exclu-
sion criteria, dementia, Parkinson’s disease, and stroke patients were
excluded from these brain imaging studies.>® Similar 3T Siemens Skyra
scanners were used to collect all brain MRI data, which were then pro-
cessed using published methods and documentation found at https://
biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf. The protocol
is freely available at http://www.fmrib.ox.ac.uk/ukbiobank/protocol/
V4_23092014.pdf.

In short, the DTl and NODDI metrics were among the imaging-
derived phenotypes (IDPs) that the UK biobank team made available
to authorized researchers after analyzing WM tract-averaged dMRI
indices (see Online Supplementary Methods (OSM) 1, Appendix |,
for additional information). DTI indices, including FA and MD, quan-
tify the degree of anisotropy and overall diffusion of water within
brain tissue, representing sensitive imaging biomarkers of neuronal
health, such as axonal, myelin, dendritic, and synaptic integrity.3%31 FA,

which ranges from O to 1, is used to assess molecular displacement’s
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RESEARCH IN CONTEXT

1. Systematic review: The authors of this work reviewed
the literature relying mainly on PubMed searches. Car-
diovascular health (CVH) as measured by Life’s Essential
8 (LE8) composite score has been explored in a handful
of studies in relation to various dementia traits and neu-
roimaging markers of dementia, including but not limited
to diffusion-weighted magnetic resonance imaging met-
rics. Despite evidence of an association between poor
CVH and reduced white matter (WM) microstructural
integrity, the mechanism underlying such association
remains unclear. We therefore examined potential media-
tors and moderators of these relationships by considering
the plasma proteome in a sample of <3953 participants of
the UK Biobank study.

2. Interpretation: Our findings suggest that two neuroimag-
ing metrics of WM microstructural integrity, namely
global means of fractional anisotropy (FAyean) and orien-
tation dispersion (ODypean), Were significantly associated
with poor CVH as measured by the LE8. Several plasma
proteins mediated these relationships, the most notable
being leptin, particularly for OD ean. These findings are
consistent with the hypothesized link between poor
CVH and early neuroimaging markers for dementia and
contribute further to the evidence from epidemiologic
studies as to the mechanism behind this relationship.

3. Future directions: Future research should explore those
mediational relationships with repeated measures on FA
and OD metrics as applied to comparable populations.
Upon replication of our findings in a longitudinal setting,
enhancing leptin sensitivity among others may be a ther-
apeutic target that would improve WM microstructural

integrity, an early marker of brain health.

directionality by diffusion; higher values suggest anisotropic diffusion,
conferring a preferred direction. MD evaluates the average magnitude
of molecular displacement by diffusion, with higher values suggest-
ing more freely diffusing water.3%31 DTI describes the distribution of
diffusion displacements using a statistical mode.3%31 Multicomponent
diffusion approaches, especially the NODDI MRI approach, have been
introduced for improvement in specificity. NODDI uses a multicom-
partmental model of water diffusion that incorporates intracellular
volume fraction (ICVF) or NDI, that is, water within neurites, extracel-
lular water, and a compartment that consist of isotropically diffusing
water (ISOVF) from the cerebrospinal fluid volume, while also pro-
viding a measure of the ODI.38 ISOVF and the OD indices are, in
general, inversely related to brain health, whereas ICVF/NDI integrity
is directly related to brain health, with higher values indicating greater
neurite density or integrity.>* NODDI became rapidly popular and was
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shown to provide reliable and specific information about neurite den-
sity and dispersion in studies of aging and investigations of neurologic
disorders.>>>¢

Here we restricted the IDPs to the DTl and NODDI metrics that
are currently accessible, such as FA, MD, ISOVF, ICVF, and OD indices
throughout the WM tracts.”>’ Tract-averaged global means of FA
(FAmean), MD (MDyjean), ISOVF (ISOVF ean), ICVF (ICVF ean), and OD
(ODynean) Were the main MRI outcomes of interest, and in most analy-
ses, those were transformed into standardized z-scores within the final
selected sample. We note that tract-specific values were considered
outcomes of secondary importance; further information and results
are summarized in OSM 1 (Appendix |) and Table S1.

2.1.3 | CVH, measured by LE8

The LE8 composite measure of CVH was recently coined by the
American Heart Association and used as the primary exposure of inter-
est in this investigation. Most importantly, the definition and scoring
approach for quantifying CVH using the American Heart Association’s
LE8 score, is described in detail as applied in the National Health
and Nutrition Examination Surveys (NHANES) from 2013 to 2018.7:10
Details on how it was applied to the UK Biobank data are provided
elsewhere.®°8 In summary, criteria applied cover the lifestyle and bio-
logical sub-domains of LE8.10 For lifestyle factors, the metrics include
diet, physical activity, nicotine exposure, and sleep health.”1° Diet is
scored based on adherence to a Dietary Approaches to Stop Hyper-
tension (DASH)-style eating pattern, with higher quantiles reflecting
better CVH?10 and its application to UK Biobank data is summarized
in OSM 2 (Appendix I). Physical activity is measured in minutes of mod-
erate or vigorous activity per week, with a target of 150+ min for
top scoring.” 1 Nicotine exposure is evaluated based on smoking his-
tory, with current smokers scoring the lowest, and points deducted
for living with an indoor smoker.”10 Sleep health is assessed based on
average nightly sleep, with 7-9 h considered optimal.?10 In the biolog-
ical sub-domain, metrics include BMI, blood lipids, blood glucose, and
blood pressure.?19 Each factor is assigned points based on measured
values, with optimal ranges corresponding to the highest scores.?10
For example, a BMI under 25 kg/m2,%1° non-HDL cholesterol under
130 mg/dL,”0 fasting blood glucose below 100 mg/dL,”1° and opti-
mal blood pressure under 120/80 mmHg each score 100 points.?10
Each factor includes detailed gradations for suboptimal levels, and
points may be subtracted for conditions such as drug-treated lipid
levels or diabetes.”10 This scoring system allows for a comprehen-
sive evaluation of CVH based on both behaviors and clinical health
metrics.

Typically, the overall LE8 score can vary from O to 800, where a
higher number indicates improved CVH. The score in this study was z-
standardized and reverse coded, or LE8, ,, (multiplying the z-scored
LE8 score by —1), so that a higher score would indicate reduced CVH,
and a unit rise would represent a 1 standard deviation (SD) decline
in the LE8 score, as was done previously in an earlier study.”® A

similar procedure was carried out for the individual LE8 biological

sub-score, which included the elements of BMI, blood lipids, blood
glucose, and blood pressure, as well as the LE8 lifestyle sub-score,
which included the elements of diet, physical activity, smoking, and
sleep.”®

2.1.4 | OLINK proteomics

One of the components of the UK Biobank Pharma Proteomics Project
(UKB-PPP) was large-scale plasma proteome research. Using the Olink
Explore 1536 Proteomics platform, 54,306 plasma samples from indi-
vidual visits by UK Biobank participants were examined. Using Prox-
imity Extension Assay (PEA) technology, this platform measures 1472
protein analytes, which correspond to 1463 different proteins from
panels related to inflammation, cancer, the cardiometabolic system,
and the nervous system. A thorough description of the pre-processing
and standardization of the data as well as the UKB-PPP implemen-
tation of PEA assays in this cohort is provided elsewhere.’? Log2
normalized protein expression (NPX) units were calculated to present
the protein data (OSM 3, Appendix ). Plasma proteomic data were
measured on samples collected during the baseline assessment visit
(2006-2010).

2.1.5 | Covariates

Relevant covariates were considered potential confounders between
the association of LE8 with dMRI metrics. These covariates included
socio-demographics, namely age, sex, household size as an ordinal vari-
able, and race/ethnicity re-coded in the main modeling part of the
analyses into non-White versus White from the original race/ethnicity
variable coded as “White, Black, South Asian, and Others,” due to the
limited sample size available. Baseline data in the UK Biobank were col-
lected using a touch-screen questionnaire, which included information
on educational attainment (https://biobank.ndph.ox.ac.uk/showcase/
field.cgi?id = 6138), re-coded as 0 = Low, combining “CSEs/Equivalent”,
“NVQ/HND/HNC/Equivalent”, and “Other professional qualifications”;
1 = Intermediate, combining “O Levels/GCSEs/Equivalent” and “A/AS
Levels Equivalent”; 2 = Higher level or “College/University”, as was
done in previous studies.?® The five categories for household income
prior to taxation were 1 ="“Less than £18,000,” 2 =“£18,000-£29,999,”
3="£30,000-£51,999,” 4 ="“52,000-£100,000,” and 5 =“ > £100,000.”
Using national census data, Townsend Deprivation Index (TDI) ratings
were calculated emphasizing owner occupation, car ownership, over-
crowding in homes, and unemployment at the residential postcode
level. Greater socioeconomic disadvantage is indicated by higher TDI
scores.®? Consequently, a single socioeconomic status (SES) summary
score was obtained by multiplying TDI by —1 to denote greater SES
and combining it with z-scores for household income and educational
attainment. In addition, household size and time elapsed between base-
line visit and the neuroimaging visit were considered among potential
confounders. Finally, a portion of our analyses stratified by the AD

Polygenic Risk Score (AD PRS), expressed as tertiles, as a secondary
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potential effect modifier that included variants in the APOE gene and
was found to be highly correlated with APOE ¢4 status (see OSM 4,
Appendix I).

2.1.6 | Study sample selection

The UK Biobank sample included 502,268 adults who had consented
for their data to be used at the time of analysis, with 353,089 hav-
ing key covariates of interest, including LE8 total score, sub-scores and
component scores, AD PRS, and various socio-demographic and socio-
economic factors (Figure S1, Appendix ). Only 29,481 additionally had
neuroimaging phenotypic data, including dMRI outcomes of interest.
A final sample of 3953 had relevant key variables, dMRI phenotypic
measures, and plasma proteomic data, after excluding one prevalent
dementia case that was not accounted for by the main exclusion

criteria.

2.1.7 | Statistical methods

Descriptive analysis

We first conducted descriptive analyses by estimating means and pro-
portions of the main research variables for the entire selected sample,
accounting for the stratification by sex. The estimates were compared
by sex using linear, logistic, or multinomial logit models. The software
Stata 18.0, developed by StataCorp in College Station, TX, was utilized
for conducting all analyses. All heatmaps were generated using various
R software functions.

Exposure-Outcome analyses: Multiple linear regression models

Second, exposure-outcome relationships were examined within a
selected analytic sample, focusing on global dMRI metrics mean val-
ues and LE8, ., as the main exposure. Confounders included age,
sex, race/ethnicity, SES z-score, household size, and time between ini-
tial assessment and MRI visit. Multiple linear regression models were
used to assess the relationships of the LE8, ., exposure on each out-
come of FAean, MDpeans ISOVF eans ICVF nean, and ODpean, adjusting
for all covariates. Heterogeneity across sex was tested and stratifi-
cation was presented, whereas for AD PRS tertiles, stratification was
presented only if p < 0.10 for any of these sub-analyses. Secondary
outcomes for DTI and NODDI metrics included tract-specific FA, MD,
ISOVF, ICVF, and OD metrics. The effect sizes of LE8, ¢, onindividual
z-scored DTl and NODDI metrics were determined using R software
version 4.3.1. Statistically significant findings after Bonferroni correc-
tion at type | error of 0.05 were also plotted on the JHU-MNI 152 brain
image template using FSLEYES software (FSLeyes—FsIWiki (ox.ac.uk).
All effect sizes are available as raw data on github (https://github.com/

baydounm/UKB-paper13-supplementarydata).

Exposure-mediator analyses: Multiple linear regression models
Third, the LE8, ¢, exposure was used as the main predictor in multi-

ple linear regression models with 1463 plasma proteomic biomarkers

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

as outcomes. The analysis included adjusting for specified covariates
using Stata parmby, gqval, and multproc commands. A volcano plot was
created with the R ggplot program to display the p-values and effect
sizes obtained from 1463 equations, emphasizing those that met the
Bonferroni adjustment for multiple testing. The selected top hits had
an effect size greater than 0.20 in absolute value, which corresponds
to one-fifth SD higher (or lower for a negative value) plasma protein
per SD decrement in LE8 total score. This value is considered a cutoff
point between very weak (or very small) and weak (or small) effect sizes
when examining the relationship between two continuous variables,
based on various criteria such as those used for Cohen’s d (https://cran.
r-project.org/web/packages/effectsize/vignettes/interpret.html). This
step was included only if the Bonferroni correction resulted in a sub-
stantial number of putative proteomic mediators and/or moderators,

for example, more than 500.

Mediation-moderation analysis: Four-way decomposition models

Fourth, the chosen plasma proteins from the previous step were inte-
grated into a four-way decomposition model with LE8, ¢, as the
exposure variable. This method generally decomposes an overall effect
of an exposure on an outcome through the effect of a third vari-
able, which is a potential mediator that is allowed to interact with the
exposure. Each global mean of DTl and NODDI metrics served as alter-
native outcome variables of interest. Each of the selected proteomic
biomarkers was used as a potentially mediating variable in a multiple
linear regression modeling approach for both the mediator and the
outcome final equation. Moreover, these proteomic biomarkers were
able to serve as potential moderators in the relationship, by interacting
with the exposure in relation to the outcome variables. Further explo-
ration of the four-way decomposition is detailed in OSM 5 (Appendix
1), with an additional technical appendix provided in Appendix III.
Tabular layout was used with heatmap visualizations specifically for
the chosen key mediators meeting Bonferroni correction and other

» o«

selection criteria. They are categorized as “no mediation,” “consis-
tent mediation” (where the controlled direct effect [CDE] is less than
the total effect [TE] in absolute value and the pure indirect effect
[PIE] has the same sign as CDE), and “inconsistent mediation” (where
CDE is greater than TE in absolute value and PIE and CDE have
opposite signs).62-%* The key mediators or moderators of the associa-
tion between LE8, ., and dementia features, including neuroimaging
markers of dementia, are highlighted based on their function and
connection to CVH risk factors, LS7, and LE8 in prior studies. More
specifically, consistent mediation was determined using the criteria of
PIE p < 0.05 and/or % PIE of TE is >20% as long as TE p < 0.05 and
CDE < TE.

Post hoc principal components analyses and four-way decomposition
models

Fifth, if multiple selected plasma proteins were statistically significant
mediators with a significant PIE at type | error of 0.05, they were
included in a principal components analysis (PCA), a data reduction
technique. This was done under the condition that the TE was also sta-

tistically significant at a 0.05 alpha level and there was a consistent
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mediation effect (CDE less than TE in absolute value, and PIE hav-
ing the same sign as CDE and/or the TE) for a minimum of two of
the five DTI and NODDI metrics. Multiple extracted components were
orthogonally varimax rotated to facilitate interpretation. The num-
ber of extracted components was decided upon using the Kaiser rule,
stating that components with an eigenvalue greater than 1 should be
retained.®® The PCA scores (z-scores) were predicted using regression
and then incorporated into four-way decomposition models to assess
the extent of mediation and/or moderation by these components in the
overall effect of LE8, ., on various global dMRI outcomes that exhib-
ited statistically significant association with LE8, ., at a type | error
of 0.05. Sex was the primary criterion used for stratification, whereas
AD PRS, which included the key APOE gene variants, served as an

additional secondary stratifying variable.

Proteome-wide four-way decomposition models and pathways
analyses

Sixth, the supplemental materials present results of a four-way decom-
position across the proteome, specifically analyzing 1463 proteins,
with a focus on plasma proteins showing statistically significant TE and
PIE at a significance level of 0.05, irrespective of the sign of PIE, as was
done in previous studies.’®44-%¢ This analysis is followed by OLINK
insight (https://olink.com/) and STRING (https://string-db.org/) path-
way analyses detailed in OSM 8 (Appendix |) and github repository:
https://github.com/baydounm/UKB-paper13-supplementarydata).

Post hoc analyses for LE8 components and sub-scores

Finally, another secondary analysis was conducted to visualize the top
mediators, who shared several dMRI metrics and focused on consistent
mediators, in relation to the main exposure, its lifestyle and biologi-
cal sub-scores, and its individual components. Several heatmaps were
used, as needed, along with similar ordinary least square (OLS) mod-
els that adjusted for household size, age, sex, racial minority status,
and SES, and time elapsed between the baseline assessment and the

neuroimaging visit.

3 | RESULTS
3.1 | Descriptive analysis

Within the selected study sample of 3953 persons from the UK
Biobank with complete neuroimaging, proteomics, and key covariate
data, and who were dementia-free at baseline, we observed variations
by sex in parameters such as age, race, household size, SES index, and
LES8 total and sub-scores (Table 1). Women, most notably, exhibited
higher LES total, lifestyle, and biological sub-scores, indicating better
CVH, coupled with a lower socioeconomic status, particularly in terms
of educational attainment and household income. Among participants
who did not withdraw consent for their data to be used and had com-
plete data on TDI among others, those included in the final sample

differed from those excluded by being younger, less likely to be female,

less likely to belong to a racial minority group, and less likely to have an
elevated TDI (data not shown).

3.2 | Exposure-outcome analyses: Multiple linear
regression models

Table 2 provides the results of the overall association of LE8, ¢, with
raw (i.e., unstandardized) global means of DTl and NODDI measures
using similar models as above. Most notably,a 1 SD increase in LE8, ¢,
was associated with a 8 + standard error (SE) of +0.00081 + 0.00017
(b < 0.001) increase in ODyean and a -0.00152 + 0.0003 decrease in
FAnean in the overall selected sample (p < 0.001). Further analyses did
not show heterogeneity of these relationships across sex or AD PRS.
In fact, stratified analysis by sex indicates similar associations between
LE8; rey and FAean and ODpe,n among males and females.

Poor CVH measured by LE8, ., was linked to significant decre-
ments in WM microstructural integrity, by being associated with lower
z-scored tract-specific FA and greater tract-specific OD (>10 tracts of
48) of each of these metrics, after adjusting for relevant confounders
as, depicted in Figure 1 (see Covariates section). Among tracts that
survived Bonferroni correction of OD versus LE8; .,, we observed a
positive association in ALIC (L/R), CP (L/R), CH (L/R), FCST (L), ICP
(L/R), ML (L/R), MCP, SS (R), SCP (L/R), and UNC (L/R), whereas for FA
versus LE8, .., we observed inverse associations in ACR (L/R), ALIC
(L/R),BCC,CP (L), FCST(L/R),GCC, ICP (L/R),RPIC (L),SS (L), SCP (L/R),
FOF (R), and UNC (R) (see Appendix |, Table S1 for abbreviations; and
supplementary datasheet 1 [Appendix IV] for details).

3.3 | Exposure-mediator analyses: Multiple linear
regression models

We ran 1463 multiple ordinary least square regression models to ana-
lyze the connections between LE8, ., and each plasma protein, with
the plasma protein being the main outcome. The models included age,
sex, race/ethnicity, SES z-score, household size, time elapsed, the key
exposure of interest (LE8, \.,), and each plasma protein of the plasma
proteome as the outcome (the potential mediators between LES, ,
and DTI/NODDI metrics). LE8, ., significantly predicted 844 plasma
proteins after Bonferroni correction. Of those, only 147 showed a
significant effect size § of either less than —0.20 or greater than
+0.20, indicating a shift of 1/5 SD in plasma protein for each SD
increase in LE8, (¢, as illustrated in Figure 2. The protein LDLR (low-
density lipoprotein receptor) showed the highest positive effect size in
Figure 2, followed by LEP (leptin) and FABP4 (fatty acid binding pro-
tein 4). Conversely, the largest inverse effect size was found for IGFPB2
(insulin-like factor binding protein 2). These 147 proteins that were
strongly predicted by the main exposure (LE8, ,¢,) were incorporated
into a four-way decomposition model using LE8, ¢, as the exposure
and each of the five global means DTl and NODDI measurements
(FAmean» MDmeans ICVF means ISOVF mean, and ODyean) as the outcomes.
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TABLE 1 Study sample characteristics by sex: UK Biobank 2006-2021.

Overall (N =3953) Men (N = 1853) Women (N = 2100) Psex
Demographic
Baseline age, years, mean + SE 54.66 +0.12 55.42+0.18 53.99+0.17 <0.001
Sex, % female 53.1% - - -
Race/ethnicity
White 96.8% 96.9% 96.7% (Ref)
Black 0.7% 0.8% 0.7% 0.75
South Asian 0.9% 1.0% 0.8% 0.48
Other 1.6% 1.4% 1.9% 0.27
Non-White, % 3.21% 3.13% 3.29% 0.78
Household size 2.602+0.019 2.657 +0.029 2.555+0.026 0.007
Socio-economic
Education
Low 15.0% 15.7% 14.4% 0.66
Intermediate 35.2% 31.1% 38.8% <0.001
High 33.3% 53.2% 46.8% (Ref)
Income
Less than £18,000 11.3% 8.8% 13.5% <0.001
£18,000-£29,999 22.5% 21.0% 23.8% 0.15
£30,000-£51,999 29.2% 29.3% 29.2% (Ref)
£52,000-£100,000 28.8% 31.4% 26.4% 0.049
greater than £100,000 8.2% 9.4% 7.1% 0.035
Townsend Deprivation Index, mean + SE —1.773 +£0.045 —1.824 +0.0655 -1.728 +0.061 0.28
SES, mean + SE —-0.010+0.011 +0.038 +0.015 —-0.053+0.014 <0.001
Life's essential 8 LE8), mean + SE
Total score 5311+ 15 512.9+20 5472+21 <0.001
LE8, ey 1.10e-10+0.0159 0.0895 +0.0238 —-0.1728 +0.0221 <0.001
Lifestyle score 262.2+0.9 2570+ 14 266.9+1.3 <0.001
Diet component 351+05 30.6 +0.7 39.1+0.7 <0.001
Physical activity component 50.5+0.5 520+0.8 492 +0.7 <0.001
Smoking component 85.1+04 82.9+0.7 87.0+0.5 <0.001
Sleep component 91.5+0.3 914+04 91.6+0.3 0.82
Biological score 268.9+ 1.0 255.9+14 280.3+1.5 <0.001
BMI component 74.1+04 70.5+0.6 77.2+0.6 <0.001
Lipids component 520+0.5 50.6 +0.7 53.2+0.7 0.007
Glucose component 94.7 +0.2 94.1+04 95.1+0.3 0.036
Blood pressure component 48.2+0.5 40.7 +0.7 547 +0.7 <0.001
AD PRS
Tertile, %
T1 333 33.6 331 _
T2 888 E8t0 8K 0.82
T3 333 331 335 0.71
dMRI global measures (raw unstandardized metrics), mean + SE
FAmean +0.5615 +0.0003 0.5614 +0.0005 +0.5616 + 0.0004 0.71
MDean +0.0007925 + 5.36E-07 +0.0007958 + 7.92E-07 +0.0007896 + 7.22E-07 <0.001
(Continues)
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TABLE 1 (Continued)

Overall (N =3953) Men (N = 1853) Women (N = 2100) Psex
ISOVF ean +0.0943 + 0.0002 +0.0954 + 0.0003 +0.0932 +0.0003 <0.001
ICVF ean +0.6120 + 0.0005 +0.6112 + 0.0007 +0.6129 + 0.0006 0.089
ODnean +0.1277 + 0.0002 +0.1277 + 0.0003 +0.1277 + 0.0002 0.93

Notes: No multiple imputation was carried out in this analysis. p-value is associated with the parameter for sex in bivariate linear and multinomial logistic
regression analyses, with the main outcome being a continuous or categorical characteristic, respectively. (Ref) is the referent category in the multinomial
logistic regression model. Values are means + SE or percentages.
Abbreviations: AD, Alzheimer’s disease; BMI, body mass index; dMRI, diffusion-weighted magnetic resonance imaging; FA, fractional anisotropy; ICVF, intra-
cellular volume fraction; ISOVF, isotropically diffusing water; LE8, Life’s Essential 8; MD, mean diffusivity; OD, orientation dispersion; PRS, polygenic risk
score; Ref, referent category; SE, standard error; TE, total effect.

TABLE 2 Poor cardiovascular health as measured by Life’s Essential 8 total score (z-scored, reverse coded) and global diffusion weighted
magnetic resonance imaging (dMRI, raw unstandardized metrics) markers, overall, by sex: UK Biobank 2006-2021.

LE8 z-score, reverse-coded

(LE8, re\); 8+ SE Rilcsoirey Psexx LESz rev PADPRS x LE87_rev
dMRI outcomes, Y
Overall,N = 3953
FA mean -0.00155 + 0.0003 <0.001 0.74 0.32
MDnean 2.24-07 + 4.91E-07 0.65 0.73 0.80
ISOVF 1ean +0.00039 + 0.00020 0.050 0.34 0.66
ICVF nean +0.00023 + 0.00046 0.62 0.95 0.50
ODnean +0.00082 + 0.00017 <0.001 0.28 0.77
Men, N = 1,853
FAmean —0.00165 + 0.0005 0.001 _ 0.52
MDean 4.05E-07 + 7.46E-07 0.59 _ 0.97
[S©/ e +0.0006 + 0.0003 0.042 _ 0.96
|G/ +0.0003 + 0.0007 0.69 _ 0.58
(©) o) M. +0.0010 + 0.0003 <0.001 _ 0.36
Women, N = 2100
FAmean —0.00146 + 0.0004 0.001 _ 0.38
MDean 1.18E-07 + 6.61E-07 0.86 _ 0.51
ISOVF 1ean +0.0002 + 0.0003 0.45 _ 0.68
ICVF nean +0.0001 + 0.0006 0.87 _ 0.097
OD1ean +0.0007 + 0.0002 0.003 _ 0.51

Note: All linear regression models were adjusted for baseline age, sex, race/ethnicity (non-White vs White), household size, SES z-score, and time elapsed
between baseline assessment visit and neuroimaging visit (days). Interaction between LES8, .., and AD PRS tertiles and between LE8, ., and sex were tested,
by including a 2-way interaction term in the main adjusted model. Values are adjusted regression coefficients § + SE. 1 SD of LE8, ., is equivalent to 93.1
point reduction in LE8 total score.

Abbreviations: AD, Alzheimer’s disease; dMRI, diffusion-weighted magnetic resonance imaging; FA, fractional anisotropy; ICVF, intracellular volume fraction;
ISOVF, isotropically diffusing water; LE8, Life’s essential 8; MD, mean diffusivity; OD, orientation dispersion; PRS, polygenic risk score; SE, Standard Error;
SES, socioeconomic status; TE, total effect.

3.4 | Mediation-moderation analysis: Four-way datasheet 2). Results in Figures 3 and 4 were categorized as: (A) PIE did
decomposition models not result in any mediation (p > 0.05); (B) statistically significant PIE,

reflecting pure mediation, at type | error of 0.05, with |CDE| > |TE| and
Four-way decomposition model findings applied to the selected pro- PIE sign opposite to that of TE (p < 0.05); and (C) statistically significant
teins with strong relationship with the primary exposure (k = 147) are PIE, reflecting pure mediation, at type | error of 0.05 with |CDE| < |TE|
presented in Table 3, Figures 3 and 4, and Appendix V (supplementary and PIE signidentical to TE (p < 0.05) and/or % PIE of TE >20%, for each
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(A) Al tracts (D) ISOVF vs. LE8z_rev

(B) FAvs. LE8z_rev (E) ICVF vs. LE8z_rev

(C) MD vs. LE8z_rev

(G) Regression coefficient estimate
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FIGURE 1 Poor cardiovascular health (LE8, ey total) and tract-specific and mean dMRI metrics (FA, MD, ICVF, ISOVF, OD, standardized
z-scores) in final selected sample (N = 3953), multiple linear regression models: UK Biobank 2006-2021. Based on a series of linear regression
models adjusted for age, sex, race (non-White vs White), time elapsed from baseline to neuroimaging visit (days), and household size. Tract-specific
FA, MD, ISOVF, ICVF, and OD are standardized z-scores, as is the reverse-coded LE8 total score. Effect sizes are plotted on a heat map to highlight
effect sizes (G), whereas standard Montreal Neurological Institute (MNI) brain images display effect sizes on the brain regions/tracts only when
pcorr < 0.05. Light blue (or yellow) color is for effect sizes in absolute values >0.04 and dark blue (or red) are for effect sizes in absolute

value >0.03 but <0.04. Light blue/dark blue are for inverse associations and yellow/red are for positive associations. Those are highlighted rows in
supplementary datasheet 1 (B) is for FA and (C) is for MD; (D) is for ISOVF; (E) is for ICVF; (F) is for OD; (A) displays the entire JHU FA skeleton with
different colors. Better WM microstructural integrity is linked to higher FA and ICVF and lower MD, ISOVF, and OD. FA, fractional anisotropy;
ICVF, intra-cellular volume fraction; ISOVF, volume fraction of Gaussian isotropic diffusion; MD, mean diffusivity; NODDI, neurite orientation
dispersion and density imaging; OD orientation dispersion index.
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FIGURE 2 Volcano plot of plasma proteomic biomarkers (standardized z-scored) in relation to LE8 reverse-coded z-scored total score: UK
Biobank 2006-2010. Based on a series of multiple linear regression models, with main predictor being LE8 toal score (z-scored, reverse-coded by
multiplying by —1) and the outcome being each of 1463 plasma proteomic biomarkers (Log2 transformed, z-scored). The y-axis is the predictor’s
associated p-value on a -log10 scale and the x-axis is the § coefficient (effect of LE8 exposure on standardized z-scores of plasma proteomic
markers) from the multiple linear regression models. An estimate with a Bonferroni corrected p-value < 0.05 and an absolute estimate >0.20 is
marked by the plasma proteomic marker abbreviation (see UK Biobank showcase URL: https://biobank.ndph.ox.ac.uk/showcase/). Selected
proteins (k = 147) for further mediation analysis have a corrected p-value < 0.05 and a point estimate >0.20 in absolute value (red). Dashed
vertical lines are set at —0.20 and +0.20 effect sizes. Dashed horizontal line is set at the Bonferroni corrected p-value. Details are provided on
github: https://github.com/baydounm/UKB-paper13-supplementarydata. See list of abbreviations for protein abbreviations: mlog10p,

—log4o(p-value); LE8, Life’s Essential 8.

of FApean and ODjnean- Table 3 presents the comprehensive results
for consistent mediation that were found to be in common between
FAmean and ODean, Whereas Appendix V (supplementary datasheet
2) has the full set of findings that are depicted in Figures 3 and 4.
Although most of the selected proteins were not significant mediators
for both outcomes, 10 plasma proteins (Table 3) consistently medi-
ated the association between LE8, ., and both FA ., and ODpean,
whereas findings for OD,e,, indicated that 57 plasma proteins were
among those consistent mediators that were strongly associated with
the LE8, ., exposure, the latter being indicative of poor CVH. Among
those consistent mediators that were shared between the two out-

comes, leptin was the strongest mediator, explaining >80% of the
LE8; rey versus ODpean association, resulting in a markedly attenuated
CDE (p > 0.05), and explaining >20% of the TE of LE8; ¢, on FAean
(Table 3, Figures 3 and 4 and supplementary datasheet 2 (Appendix
V)). Similarly, CPM explained >30% of the TE of LE8;, e, 0N ODppean
and ~20% of the TE of LE8, ¢, on FA,can. When examining Figures 3C
and 4B, very few of the four-way decomposition findings indicated that
a plasma protein may have acted as a moderator in addition to being a
mediator (i.e., INTMED) in the overall effect of LE8, ¢, on FApea, and
ODnean, respectively, with a consistent mediated interaction found for
FGF21 for both metrics.
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TABLE 3 Four-way decomposition of the association between poor cardiovascular health (LE8, z-scored, reverse coded) and global
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diffusion-weighted magnetic resonance imaging markers (dMRI) through selected plasma proteomic biomarkers (k = 10; N2 = 3953, with

consistent mediation; in common between FA,can and ODpean (both standardized z-scored): UK Biobank 2006-2021.

FOURWAYDECOMP
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p_cde
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p_intmed
p_pie

te

cde
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intmed
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p_cde
p_intref
p_intmed
p_pie

te

cde
intref
intmed
pie
p_cde
p_intref
p_intmed
p_pie

te

cde
intref
intmed
pie
p_cde

FA_Mean OD_Mean
Beta SE P Beta SE p
-0.07356 0.015984 <0.001 0.07551 0.017007 <0.001
-0.0521 0.017582 0.003 0.016245 0.018633 0.383
—-7.41E-06 0.000127 0.953 —2.03E-06 3.61E-05 0.955
—0.00468 0.006179 0.448 -0.00128 0.006547 0.845
-0.01677 0.008763 0.056 0.060551 0.009426 <0.001
0.70823 0.152513 <0.001 0215131 0.211199 0.308
0.000101 0.001722 0.953 —2.7E-05 0.000479 0.955
0.063689 0.080681 0.43 -0.01699 0.087977 0.847
0.22798 0.127625 0.074 0.801888 0.214866 <0.001
—0.07653 0.015583 <0.001 0.079535 0.01658 <0.001
—0.06134 0.016341 <0.001 0.052125 0.017363 0.003
—1.59E-06 2.54E-05 0.95 2.58E-07 1.65E-05 0.988
—0.00054 0.005178 0.917 8.77E-05 0.005502 0.987
—0.01465 0.006237 0.019 0.027322 0.006684 <0.001
0.801507 0.104464 <0.001 0.655371 0.11797 <0.001
2.08E-05 0.000332 0.95 3.25E-06 0.000208 0.988
0.007064 0.067323 0.916 0.001103 0.069126 0.987
0.191408 0.090753 0.035 0.343523 0.110692 0.002
—0.08144 0.015641 <0.001 0.078361 0.016682 <0.001
—0.0565 0.016123 <0.001 0.060702 0.017226 <0.001
—7.75E-06 0.000434 0.986 1.80E-06 0.000101 0.986
—-0.01025 0.004953 0.038 0.002379 0.005271 0.652
—0.01468 0.005565 0.008 0.015278 0.005944 0.01
0.693763 0.101948 <0.001 0.774649 0.106903 <0.001
9.52E-05 0.005326 0.986 2.29E-05 0.001285 0.986
0.125908 0.05939 0.034 0.030362 0.065922 0.645
0.180234 0.075895 0.018 0.194966 0.085732 0.023
—0.08284 0.015357 <0.001 0.087067 0.016377 <0.001
—0.05844 0.015944 <0.001 0.061031 0.017001 <0.001
—2.9E-05 0.000649 0.965 3.22E-05 0.000731 0.965
—0.01374 0.004397 0.002 0.01547 0.004695 0.001
—0.01063 0.004966 0.032 0.010534 0.005291 0.046
0.705473 0.091013 <0.001 0.700966 0.092776 <0.001
0.000346 0.007832 0.965 0.00037 0.008389 0.965
0.16586 0.056373 0.003 0.177672 0.058116 0.002
0.128322 0.06442 0.046 0.120992 0.064835 0.062
—0.08017 0.015436 <0.001 0.083943 0.016485 <0.001
—0.06173 0.015905 <0.001 0.064504 0.016988 <0.001
—8.62E-06 0.000414 0.983 8.73E-06 0.00042 0.983
—-0.00822 0.004108 0.045 0.008336 0.004385 0.057
—-0.01021 0.004728 0.031 0.011094 0.005051 0.028
0.769981 0.083457 <0.001 0.768424 0.085237 <0.001
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(Continues)
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TABLE 3 (Continued)

FOURWAYDECOMP
p_intref
p_intmed
p_pie

te

cde
intref
intmed
pie

p_cde
p_intref
p_intmed
p_pie

te

cde
intref
intmed
pie

p_cde
p_intref
p_intmed
p_pie

te

cde
intref
intmed
pie

p_cde
p_intref
p_intmed
p_pie

te

cde
intref
intmed
pie
p_cde
p_intref
p_intmed
p_pie

te

cde
intref

intmed

BEYDOUN ET AL.

FA_Mean OD_Mean
Beta SE P Beta SE p
0.000108 0.005164 0.983 0.000104 0.005 0.983
0.102576 0.051465 0.046 0.099308 0.052349 0.058
0.127335 0.063974 0.047 0.132164 0.06564 0.044
—0.07009 0.015455 <0.001 0.077944 0.016484 <0.001
—0.05812 0.015637 <0.001 0.065044 0.016683 <0.001
—3.69E-06 0.000137 0.978 2.65E-06 9.98E-05 0.979
—-0.00227 0.003724 0.542 0.001675 0.004001 0.675
—0.00969 0.003959 0.014 0.011223 0.004265 0.009
0.829243 0.081292 <0.001 0.83449 0.078086 <0.001
5.26E-05 0.001947 0.978 0.000034 0.00128 0.979
0.032397 0.052169 0.535 0.02149 0.05061 0.671
0.138308 0.064028 0.031 0.143986 0.062455 0.021
—0.07527 0.01524 <0.001 0.079059 0.016251 <0.001
—0.06408 0.015567 <0.001 0.066207 0.016597 <0.001
—4.21E-06 9.85E-05 0.966 5.56E-06 0.00013 0.966
—0.00153 0.003322 0.645 0.002022 0.003543 0.568
—0.00965 0.003701 0.009 0.010824 0.003952 0.006
0.851323 0.069825 <0.001 0.837438 0.071974 <0.001
0.000056 0.001308 0.966 7.03E-05 0.001641 0.966
0.020358 0.043774 0.642 0.02558 0.044405 0.565
0.128263 0.055452 0.021 0.136912 0.057171 0.017
—0.07776 0.015282 <0.001 0.079085 0.016287 <0.001
—0.06535 0.015558 <0.001 0.06881 0.016594 <0.001
—1.01E-05 0.000313 0.974 4.08E-06 0.000127 0.974
—0.00485 0.003486 0.164 0.00196 0.003704 0.597
—0.00755 0.003658 0.039 0.008311 0.003904 0.033
0.840384 0.068452 <0.001 0.870077 0.069483 <0.001
0.00013 0.004025 0.974 5.17E-05 0.001601 0.974
0.062422 0.044654 0.162 0.024789 0.046355 0.593
0.097065 0.050728 0.056 0.105083 0.053889 0.051
—-0.07776 0.015282 <0.001 0.068175 0.014994 <0.001
—0.06535 0.015558 <0.001 0.058109 0.0152 <0.001
—-1.01E-05 0.000313 0.974 1.91E-06 8.56E-05 0.982
—0.00485 0.003486 0.164 0.001283 0.003195 0.688
—0.00755 0.003658 0.039 0.008782 0.003536 0.013
0.840384 0.068452 <0.001 0.852348 0.072394 <0.001
0.00013 0.004025 0.974 0.000028 0.001256 0.982
0.062422 0.044654 0.162 0.018815 0.046378 0.685
0.097065 0.050728 0.056 0.128809 0.059092 0.029
—0.07687 0.015335 <0.001 0.082398 0.016388 <0.001
—0.0641 0.015518 <0.001 0.061793 0.016539 <0.001
—1.04E-06 0.00014 0.994 3.19E-06 0.000432 0.994
—0.00199 0.003122 0.524 0.00612 0.003353 0.068

PROTEIN
PRSS8
PRSS8
PRSS8
LILRAS
LILRAS
LILRAS
LILRA5
LILRA5
LILRAS
LILRAS
LILRAS
LILRA5
CA14
CA14
CA14
CA14
CA14
CA14
CA14
CA14
CA14
VWA1
VWA1
VWA1
VWA1
VWA1
VWA1
VWA1
VWA1
VWA1
BAIAP2
BAIAP2
BAIAP2
BAIAP2
BAIAP2
BAIAP2
BAIAP2
BAIAP2
BAIAP2
WFIKKN2
WEFIKKN2
WFIKKN2
WEFIKKN2

(Continues)

85U20|7 SUOWWIOD 3AIa.D 3|qeojdde au Aq peusenoh aJe sajone YO ‘85N 4O Sa|nJ 10} Afeiq1T8UIUO /8|1 UO (SUOTPUOD-PUe-SWSYW00" A 1M Afe.q 1 BuI|UO//SANL) SUORIPUOD PUe SWwiie | 8L 89S *[G202/T0/8T] Uo AriqiTauluo A8|iM ‘IS8 Aq Z0SYT Z[e/200T 0T/I0p/w0o" A3 im Areiq | puljuo's feuinol-zfe//:sdny woa papeojumod ‘0 ‘6/252GST



BEYDOUNET AL.

TABLE 3 (Continued)

Alzheimer’s &Dementia® | 1

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

FA_Mean OD_Mean
FOURWAYDECOMP Beta SE P Beta SE p PROTEIN
pie —-0.01077 0.003429 0.002 0.014482 0.003711 <0.001 WEFIKKN2
p_cde 0.833949 0.064555 <0.001 0.749932 0.073507 <0.001 WEFIKKN2
p_intref 1.35E-05 0.001825 0.994 3.87E-05 0.00524 0.994 WEFIKKN2
p_intmed 0.025872 0.040168 0.52 0.074276 0.041055 0.07 WFIKKN2
p_pie 0.140165 0.052507 0.008 0.175753 0.056499 0.002 WFIKKN2

Note: Names of the genes/proteins can be found at: https://www.ncbi.nlm.nih.gov/gene. Tereri and ereri_cde are interpreted as Log.(hazard ratios). 1 SD of

LE8, ey is equivalent to 93.1 point reduction in LE8 total score.

Abbreviations: ERERI_CDE, excess relative risk due to neither mediation nor interaction or controlled direct effect; ERERI_INTMED, excess relative risk
due to mediated interaction or mediated interaction; ERERI_INTREF, excess relative risk due to interaction only or interaction referent; ERERI_PIE, excess
relative risk due to mediation only or pure indirect effect; FA, fractional anisotropy; LE8, Life’s Essential 8; OD, orientation dispersion; p_CDE, proportion
of total effect that is controlled direct effect; p_INTMED, proportion of total effect that is mediated interaction; p_INTREF, proportion of total effect that is
interaction referent; p_PIE, proportion of total effect that is pure indirect effect; SE, standard error; TERERI, total excess relative risk.

3.5 | Post hoc principal components analyses and
four-way decomposition models

A PCA was carried out in which a reduced number of dimensions were
extracted using the Kaiser rule (eigenvalue > 1) and was applied to
those top 10 significant proteomic mediators belonging to group C
(i.e., consistent mediators) that were in common between FA e and
ODean, (details provided in OSM 5 and Table S2, Appendix 1). This
resulted in three PCs (PC1, PC2, and PC3) (Figure S2, Appendix VI).
PC1 reflected the largest portion of the variance (~6 proteins with fac-
tor loadings >0.20, % variance explained = 32.2%), whereas PC2 and
PC3 reflected smaller proportions of the variance explained (14% and
11%, respectively). When a four-way decomposition model was car-
ried out for poor CVH versus FAean, adjusting for the same set of
covariates as above, PC1 explained over half of the LE8, (¢,-FAmean
effect within the lowest AD PRS tertile and ~#25% of the TE overall
(p < 0.05 for both PIEs), with similar patterns observed for PC2 over-
all and within the first two AD PRS groups. Around one-third of the
TE of LE8, 1y on FApean among women was explained by PC2. No
significant mediation was detected for PC3 (Appendix VII, Figure S3).
When it came to ODyean, findings were slightly distinct from those
of FAmean (Appendix VII, Figure S3). In fact, in the overall sample, all
three PCs acted as statistically significant mediators, explaining 35%-
50% of the TE of LE8; o, on ODpean, with marked attenuation in the
CDE (p > 0.05) compared with the TE observed for PC1 and PC2. Most
notably, all three PCs explained each >30% of the TE of LE8, ., on
ODnean Within the higher AD PRS tertile.

3.6 | Proteome-wide four-way decomposition
models and pathways analyses

Furthermore, OLINK Insight and STRING analyses findings for all key
mediators are summarized in Appendix | (OSM 7), as well as in Appen-
dices VIII, IX, XA, XB and XI. Based on pathway analyses provided
in detail in Figure S4 (Appendix VIII) and supplementary datasheet 3

(Appendix IX), 212 plasma proteins were mediators between poor CVH
and FAean, and 142 plasma proteins were mediators between poor
CVH and ODyyean, With 313 being shared between the two metrics. A
total of 1008 pathways were identified based on the OLINK insight
pathway analysis for mediators between poor CVH and FA ¢, and/or
ODnean- For FAnean alone, 821 pathways were identified, whereas for
ODneans 525 unique pathways were identified. These pathways belong
to the immune system, signal transduction, metabolism, disease, pro-
tein metabolism, hemostasis, apoptosis, cellular response to stress,
and membrane trafficking. STRING analysis results are presented in
Figure S4D,E, focusing on the largest cluster uncovered for FAcan
and ODpean four-way decomposition findings. Gene Ontology (GO)
biological, molecular, and cellular components pathways for each of
these clusters were obtained (see also: https://github.com/baydounm/
UKB-paper13-supplementarydata). For ODyyean, the largest cluster
was automatically labeled as “cytokine-cytokine receptor interaction,”
whereas several GO pathways identified as being the strongest with
lowest false discovery rate (FDR) were identified. For FAean, Clear
patterns emerged regarding the strongest and most significant GO

pathways.

3.7 | Post hoc analyses for LE8 components and
sub-scores

Findings for the post hoc association between LE8 components
and sub-scores with each of the 10 key mediators are stored in
Appendix XI| (Figure S6) and Appendix XIII (supplementary datasheet
4). Most notably, although 7 of the 10 plasma proteins were increased
with poorer CVH, the reverse was the case for carbonic anhydrase
14 (CA14) and WAP, Follistatin/Kazal, Immunoglobulin, Kunitz, and
Netrin domain-containing 2 (WFIKKN2), with the strongest corre-
lations found with LES8, ey total» LE8; rev biological» and LE8; rey gmi-
Detailed Output, code and data sets used for heatmaps among
others are provided in: https://github.com/baydounm/UKB-paper13-
supplementarydata.
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(A) Heatmap for raw 4-way decomposition: PIE p>0.05 (no significant pure mediation) , k=124

Heatmap (Four-way decomposition models of selected proteins - No mediation (FA))
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(B) Heatmap for raw 4-way decomposition: PIE p<0.05, PIE<0, TE<CDE (inconsistent mediation), k=9
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(C) Heatmap for raw 4-way decomposition: PIE p<0.05 and/or % PIE of TE>20%, PIE>0, TE>CDE (consistent mediation),
k=14
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FIGURE 3 Four-way decomposition of the association between poor cardiovascular health as measured by LES8 total score (z-scored, reverse
coded) and FA,can (z-scored) by the selected plasma proteomic biomarkers (k = 147): UK Biobank 2006-2021. (A) Heatmap for four-way
decomposition showing no significant pure mediation for 124 proteins: PIE p > 0.05. (B) Heatmap for four-way decomposition showing
inconsistent mediation for 9 proteins: PIE p < 0.05, PIE < 0, TE < CDE. (C) Heatmap for four-way decomposition showing consistent mediation for
14 proteins: PIE p < 0.05 and/or % PIE of TE >20%, PIE > O, and TE > CDE. Effects could range from 0 to 0.5. *p < 0.05; **p < 0.010; ***p < 0.001.
Protein abbreviations are found at https://www.ncbi.nIlm.nih.gov/gene/. ERERI_CDE, excess relative risk due to neither mediation nor interaction
or controlled direct effect; ERERI_INTMED, excess relative risk due to mediated interaction or mediated interaction; ERERI_INTREF, excess
relative risk due to interaction only or interaction referent; ERERI_PIE, excess relative risk due to mediation only or pure indirect effect; FA,
fractional anisotropy; TERERI, total excess relative risk.
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(A) Heatmap for raw 4-way decomposition: PIE p>0.05 (no significant pure mediation) or inconsistent mediation, k=90
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(B) Heatmap for raw 4-way decomposition: PIE p<0.05 and/or %PIE of TE>20%, PIE>0, TE>CDE (consistent mediation),
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FIGURE 4 Four-way decomposition of the association between poor cardiovascular health as measured by LE8 total score (z-scored, reverse
coded) and ODpean (z-scored) by the selected plasma proteomic biomarkers (k = 147): UK Biobank 2006-2021. (A) Heatmap for four-way
decomposition showing no significant or inconsistent mediation for 90 proteins (see A and B of Figure 3). (B) Heatmap for four-way decomposition
showing consistent medition for 57 proteins: PIE p < 0.05 and/or % PIE of TE >20%, PIE > O, TE > CDE. Effects could range from 0 to 0.5. *p < 0.05;
**p < 0.010; ***p < 0.001. Protein abbreviations are found at https://www.ncbi.nlm.nih.gov/gene/. ERERI_CDE, excess relative risk due to neither
mediation nor interaction or controlled direct effect; ERERI_INTMED, excess relative risk due to mediated interaction or mediated interaction;
ERERI_INTREF, excess relative risk due to interaction only or interaction referent; ERERI_PIE, excess relative risk due to mediation only or pure
indirect effect; OD, orientation dispersion; TERERI, total excess relative risk.

4 | DISCUSSION

The present UK Biobank study found that poor CVH is significantly
associated with lower WM microstructural integrity, as reflected by
lower FAcan Values or higher OD e, Values. The study identified 10
plasma proteins with strong mediating effects, with leptin exhibiting
the strongest association with ODy,ean and FAean, mainly as a PIE, fol-
lowed closely by carboxypeptidase M (CPM). Most notably, poor CVH
was strongly associated with ODe4n, With over 50 plasma proteins
mediating the relationship. A PCA identified three PCs, all of which

were strong mediators between poor CVH and OD,¢,,, at the highest
AD PRS tertile.

Research has uncovered a link between dementia incidence and
certain components of the LS7,247166? such as smoking, sub-optimal
physical exercise, and elevated fasting glucose.®” More recent studies
have found a putative protective effect of CVH on brain health, with
healthier LS7 profiles associated with lower volumes of WM hyper-
intensities and larger brain volume.”®’1 A study using a cohort from
the U.S.-based Northern Manhattan Study found that a higher num-

ber of components of the LS7 were associated with reduced WM
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hyperintensity volume and silent brain infarct, and greater cerebral
volume.”?

Ten proteins, namely LEP (leptin), CPM, F9, FGF21, PRSSS8, LILRAS5,
CA14,VWA1, BAIAP2, and WFIKKNZ2, were found to be strong medi-
ators between poor CVH and two DTI/NODDI metrics: FA and OD.
Leptin, a hormone produced by adipose cells, has a primary role in
regulating energy balance and appetite.”® Its link to cardiovascular
disease is mainly through obesity driven by leptin resistance, but
also through promoting inflammation, oxidative stress, and endothe-
lial dysfunction.”® Cross-sectional and cohort studies have shown that
high leptin levels can impact cognition, dementia, and AD.”4-7¢ In the
Health ABC cohort study, participants in the high leptin group were
34% less likely to experience clinically significant cognitive decline over
a4-year period.”® In a prospective study of 785 people without demen-
tia, higher leptin was linked to a lower risk of incident dementia and
AD.”% In older persons without major neurological or psychiatric disor-
ders, serum leptin was inversely correlated with executive function.”*
Other studies have reported that high leptin is associated with lower
risk for dementia, although some studies find no association.””-”8 Table
S3 and OSM 7 include a detailed literature review on the 10 plasma
proteins and their association with CVH and dementia-related traits.
As expected, leptin in our study was highly correlated with the BMI
component of the LE8 score, along with the total score and the biologi-
cal sub-score. This suggests that leptin’s mediating effect between poor
CVH and FA or OD is driven mainly by adiposity as measured by BMI.

Recent cross-sectional data on older men aged 50 years and over,
with cerebral small vessel disease, found that in men higher leptin lev-
els were associated with lower gray matter and total brain volumes.”?
However, in the Framingham Heart Study, higher leptin levels were
associated with higher total cerebral brain volume.”® Therefore, some
evidence is accumulating as to leptin’s relationship with brain volumes,
whereas little is known regarding its association with markers of brain
WM microstructural integrity.

Several molecular pathways were proposed to elucidate the con-
nection between leptin and cognition. Leptin may be involved in
hippocampus synaptic plasticity, which is associated with learning
and memory and is linked to leptin-induced long-term potentiation
(LTP).8981 Second, it controls neuron excitability by adjusting cogni-
tive function via the MAPK signaling pathway.2° Furthermore, leptin
may work as an anti-apoptotic agent in stressful conditions and provide
neuroprotective effects.8283 Leptin was found to enhance the uptake
of amyloid beta into the cell through ApoE, leading to a decrease in its
accumulation outside the cell.84 Leptin and insulin work together to
decrease the excessive phosphorylation of tau, a key element of the
neurofibrillary tangle that is a key characteristic of AD.8>8¢ Treating
transgenic mice (AD model) with leptin led to enhancements in memory
skills.8 It is important to note that the content of leptin in brain tis-
sues and cerebrospinal fluid does not rise at blood leptin levels beyond
25-30 ng/mL.87 Because of this occurrence, leptin resistance and obe-
sity are prone to develop.8” Excessive blood levels of leptin cause a
decrease in blood-brain barrier permeability.®” A more detailed review
of the literature for associations of leptin (and of the other nine top
consistent mediators: CPM, F9, FGF21, PRSSS, LILRA5, CA14, VWA1,

BAIAP2, and WFIKKN2) with dementia and CVH traits is provided in
OSM 7 (Appendix I).

Our current study has several strengths but some limitations. First,
the study incorporated a large-scale proteomic analysis and is the first
cohort study with sufficient power to analyze the plasma proteome’s
mediating and moderating effects in the relationship between poor
CVH and indices of brain WM health. Second, LE8 as a composite
measure was properly established using data from the UK Biobank,
comprising dietary, pharmaceutical, and environmental tobacco expo-
sure indicators that were easily available during the baseline assess-
ment. Third, the UK Biobank covers numerous topic areas, allowing
for accurate estimations of exposure-outcome connections by con-
founder adjustment. Potential study limitations include selection bias
because of missing data, mainly due to the proportionate exclusion
of racial minorities and lower SES groups as well as females from the
final sample, and measurement inaccuracy because several character-
istics were examined using self-report. Although key variables have
been controlled for, residual confounding is possible due to the study’s
observational design. Furthermore, although prevalent dementia cases
were removed, reverse causality remains an issue for the relationship
between poor CVH and subclinical stages of dementia. Furthermore,
although DTl indices are sensitive for the detection of early damage
to cerebral tissue microstructure, they are not unique to any underly-
ing determinant of brain tissue, rendering precise data interpretation
challenging.?® Although the NODDI methodology was presented to
improve specificity to neurite degeneration and dispersion using ICVF
and OD measurements, derived parameters suffer from experimen-
tal and modeling limitations. Indeed, the generated ICVF and ISOVF
parameters have been found to be sensitive to some experimental MRI
parameters and underlying assumptions such as considering constant
diffusivity parameters across the brain regions and adult subjects.&8
This may have precluded detection of CVH effect on axonal integrity
as derived from the ICVF/NDI measurement. Nevertheless, the WM
integrity associations observed in our work could be driven by differ-
ences in WM myelination as captured using DTI-FA and NODD-OD
metrics, which are very sensitive to myelin content and organization.
Indeed, myelin alterations, as measured using advanced and direct
MRI measures of myelin content, have recently been associated with
various metabolic and vascular risk factors, including obesity,8? phys-
ical activity,”® and changes in cognitions.”> Additional investigations,
including using improved versions of NODDI?2 and direct MRl mea-
sures of myelin content, are still required to corroborate, complement,
or expand upon, our findings. It is important to note that DTI and
NODDI metrics, although highly informative for WM integrity, do not
capture all possible aspects of brain microstructure. Furthermore, the
four-way decomposition method includes assumptions and restric-
tions that are addressed elsewhere.2 Finally, due to limited statistical
power, we did not stratify based on race/ethnicity.

In summary, our study found that suboptimal CVH was linked
to poor DTI and NODDI measures of WM microstructural integrity,
specifically lower FAq,can and higher OD,ean, Underscoring the neces-
sity to improve CVH as a preventive strategy. Furthermore, this

relationship between poor CVH and decrements in cerebral health
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was mediated through multiple plasma proteins, with leptin being the
principal driver. Poor CVH was strongly associated with OD 40, With
over 50 plasma proteins mediating the relationship. Because these
dMRI metrics are among key biomarkers designed to reflect brain WM
neurodegeneration, serum leptin can be used as a more readily avail-
able biomarker prior to using these more elaborate methods to screen
for brain WM changes related to AD and related dementias. Future
research should explore these mediational relationships with repeated
measures on FA and OD metrics. Enhancing leptin sensitivity may be a
therapeutic target to improve WM microstructural integrity, an early

marker of brain health.

AUTHOR CONTRIBUTIONS

May A. Beydoun: Study concept; data acquisition; plan of analysis;
data management and statistical analysis; data visualization; litera-
ture search and review; write-up of parts of the manuscript; revision
of the manuscript. Hind A. Beydoun: Study concept; plan of analysis;
assistance with data management and statistical analysis; literature
search and review; write-up of parts of the manuscript; revision of
the manuscript. Nicole Noren Hooten: Study concept; plan of analy-
sis; literature search and review; data visualization; write-up of parts
of the manuscript; revision of the manuscript. Zhiguang Li: Study con-
cept; plan of analysis; literature search and review; data visualization;
write-up of parts of the manuscript; revision of the manuscript. Yi-
Han Hu: Study concept; plan of analysis; literature search and review;
data visualization; write-up of parts of the manuscript; revision of the
manuscript. Michael F. Georgescu: Literature search and review; write-
up of parts of the manuscript; revision of the manuscript. Sharmin
Hossain: Plan of analysis; write-up of parts of the manuscript; litera-
ture search and review; revision of the manuscript. Toshiko Tanaka:
Plan of analysis; literature search and review; write-up of parts of
the manuscript; revision of the manuscript. Mustapha Bouhrara: Plan
of analysis; literature search and review; write-up of parts of the
manuscript; revision of the manuscript. Christian A. Maino-Vieytes:
Study concept; plan of analysis; literature search and review; data
visualization; write-up of parts of the manuscript; revision of the
manuscript. Marie T. Fanelli-Kuczmarski: Plan of analysis; assistance
with data management; write-up of parts of the manuscript; revision of
the manuscript. Lenore J. Launer: Plan of analysis; literature search and
review; write-up of parts of the manuscript; revision of the manuscript.
Michele K. Evans: Data acquisition; plan of analysis; write-up of parts
of the manuscript; revision of the manuscript. Alan B. Zonderman:
Data acquisition; plan of analysis; data visualization; write-up of parts

of the manuscript; revision of the manuscript.

ACKNOWLEDGMENTS

The authors express gratitude to UK Biobank (UKB) investigators, per-
sonnel, and participants, as well as the staff and analysts from the
UK Biobank access management system. This work utilizes data sup-
plied by patients and gathered by the National Health Service (NHS)
in the course of their care and assistance. This study utilized data pro-
vided by National Safe Haven as part of the Data and Connectivity

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

National Core Study, overseen by Health Data Research UK in collab-
oration with the Office for National Statistics and supported by UK
Research and Innovation. The research was conducted under grant
references MC_PC_20029 (October 1, 2020 - March 31, 2021) and
MC_PC_20058 (April 1, 2021 - September 30, 2022). This research
was carried out utilizing the UK Biobank Resource under Application
77963. Dr. Hind A. Beydoun worked on this manuscript outside her
tour of duty at the U.S. Department of Veterans Affairs. This work
received partial support from the Intramural Research Program of the
National Institutes of Health (NIH), specifically the National Institute
on Aging, under NIH Project AGO00513.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest. Author disclosures are

available in the Supporting Information.

CONSENT STATEMENT

The studies with human participants were reviewed and approved by
the UK Biobank, which has approval from various institutional review
boards, including the North West Multi-Center Research Ethics Com-
mittee for the United Kingdom, the National Information Governance
Board for Health and Social Care for England and Wales, and the
Community Health Index Advisory Group for Scotland. All participants
provided informed permission for the study using a touch-screen inter-
face that necessitated acceptance to each statement on the consent
form and the participant’s signature on an electronic pad. Written
informed permission was not necessary for this investigation, since it
complied with national laws and institutional regulations.

DIVERSITY, EQUITY, AND INCLUSION STATEMENT

This study acknowledges the significance of diversity, equity, and inclu-
sion, which is highly relevant to Alzheimer’s disease (AD) and dementia
research. AD and dementias of all types disproportionately impact
underrepresented groups, particularly ethnic minorities and persons of
lower individual, household, and area-level socioeconomic status, who
frequently encounter obstacles to early detection, health care access,
and research participation. Our objective is to rectify these inequities
by advocating for inclusive research methodologies and cultivating
equitable health outcomes.

We diligently endeavor to incorporate people from many racial,
cultural, and socioeconomic backgrounds in our research, since their
involvement is essential for comprehending the heterogeneous charac-
teristics of AD and related dementias. Furthermore, we are dedicated
to investigating social determinants of health and their influence on the
advancement and results of these health conditions.

We want to enhance tailored strategies for dementia care in gen-
eral that consider the distinct biological and socio-environmental
exposures encountered by various populations. We underscore the
significance of community participation and collaboration with many
stakeholders to enhance outreach, accessibility, and the dissemination
of our findings, guaranteeing that our research serves all populations

impacted by these circumstances.

85U80|7 SUOWWIOD 3AIa.D 3|qeoljdde 8Ly Aq peusenob aJe sajone O ‘88N 4O SajnJ 10} Arlq1T8UIUQ /8|1 UO (SUOIPUOD-PUe-SWWB}/W0D B 1M *ATe.q 1 [BUI|UO//:SANY) SUORIPUOD Pue Swie | 841 89S *[5202/T0/8T] uo A%iqiauljuo A8|IMm ‘8.1 Ad L0ST Z[e/200T 0T/10p/wod A8 |1m Areiq 1 puljuo'S[euno -z e//sdny woij papeojumoq ‘0 ‘6.25255T



s | Alzheimer’s &Dementiar

BEYDOUN ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

Guerchet M, Prince M, Prina M. Numbers of people with dementia
worldwide: An update to the estimates in the World Alzheimer Report
2015. Alzheimer’s Disease International; 2020.

. Alzheimer’s Association. 2023 Alzheimer’s disease facts and figures.

Alzheimers Dement. 2023;19(4):1598-1695.

. Sosa-Ortiz AL, Acosta-Castillo |, Prince MJ. Epidemiology of dementias

and Alzheimer’s disease. Arch Med Res. 2012;43:600-608.

. Lindeboom J, Weinstein H. Neuropsychology of cognitive ageing, min-

imal cognitive impairment, Alzheimer’s disease, and vascular cognitive
impairment. Eur J Pharmacol. 2004;490:83-86.

. Beydoun MA, Weiss J, Banerjee S, et al. Race, polygenic risk and

their association with incident dementia among older US adults. Brain
Commun. 2022;4:fcac317.

. Livingston G, Huntley J, Sommerlad A, et al. Dementia prevention,

intervention, and care: 2020 report of the Lancet Commission. Lancet.
2020;396:413-446.

. Livingston G, Huntley J, Liu KY, et al. Dementia prevention, interven-

tion, and care: 2024 report of the Lancet Standing Commission. Lancet.
2024;404:572-628.

. Beydoun MA, Beydoun HA, Fanelli-Kuczmarski MT, et al. Pathways

explaining racial/ethnic and socio-economic disparities in dementia
incidence: the UK Biobank study. Aging. 2023;15:9310-9340.

. Hayman LL, Martyn-Nemeth P. A new metric for promoting cardiovas-

cular health: Life’s Essential 8. J Cardiovasc Nurs. 2022;37(6):509-511.
Lloyd-Jones DM, Allen NB, Anderson CAM, et al. Life’s Essential 8:
updating and enhancing the American Heart Association’s construct
of cardiovascular health: a presidential advisory from the American
Heart Association. Circulation. 2022;146:€18-e43.
Petermann-RochaF,Deo S, Lyall D, et al. Association between the AHA
Life’s Essential 8 score and incident all-cause dementia: a prospective
cohort study from UK Biobank. Curr Probl Cardiol. 2023;48:101934.
Wang X, Ma H, Li X, et al. Association of cardiovascular health with
life expectancy free of cardiovascular disease, diabetes, cancer, and
dementia in UK adults. JAMA Intern Med. 2023;183:340-349.

Zhou R, Chen HW, Li FR, Zhong Q, Huang YN, Wu XB. “Life’s Essential
8” Cardiovascular health and dementia risk, cognition, and neuroimag-
ing markers of brain health. J Am Med Dir Assoc. 2023;24:1791-
1797.

Jeon YJ, Jung SJ, Kim HC. Does serum vitamin D level affect the
association between cardiovascular health and cognition? Results of
the Cardiovascular and Metabolic Diseases Etiology Research Center
(CMERC) study. Eur J Neurol. 2021;28:48-55.

Wei J, Wang L, Kulshreshtha A, Xu H. Adherence to Life’s Simple
7 and cognitive function among older adults: the National Health
and Nutrition Examination Survey 2011 to 2014. J Am Heart Assoc.
2022;11:e022959.

Samieri C, Perier MC, Gaye B, et al. Association of cardiovascular
health level in older age with cognitive decline and incident dementia.
JAMA. 2018;320:657-664.

Peloso GM, Beiser AS, Satizabal CL, et al. Cardiovascular health,
genetic risk, and risk of dementia in the Framingham Heart Study.
Neurology. 2020;95:1341-e1350.

Harris SE, Cox SR, Bell S, et al. Neurology-related protein biomarkers
are associated with cognitive ability and brain volume in older age. Nat
Commun. 2020;11:800.

Trares K, Bhardwaj M, Perna L, et al. Association of the inflammation-
related proteome with dementia development at older age: results
from a large, prospective, population-based cohort study. Alzheimers
Res Ther. 2022;14:128.

Whelan CD, Mattsson N, Nagle MW, et al. Multiplex proteomics iden-
tifies novel CSF and plasma biomarkers of early Alzheimer’s disease.
Acta Neuropathol Commun. 2019;7:169.

Tanaka T, Lavery R, Varma V, et al. Plasma proteomic signatures pre-
dict dementia and cognitive impairment. Alzheimers Dement (N Y).
2020;6:€12018.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lindbohm JV, Mars N, Walker KA, et al. Plasma proteins, cog-
nitive decline, and 20-year risk of dementia in the Whitehall Il
and atherosclerosis risk in communities studies. Alzheimers Dement.
2022;18:612-624.

Appelman Y, van Rijn BB, Ten Haaf ME, Boersma E, Peters SA. Sex
differences in cardiovascular risk factors and disease prevention.
Atherosclerosis. 2015;241:211-218.

Mielke MM, Ferretti MT, Iulita MF, Hayden K, Khachaturian AS. Sex
and gender in Alzheimer’s disease—does it matter?. Alzheimers Dement.
2018;14:1101-1103.

Fu X, Shrestha S, Sun M, et al. Microstructural white matter alterations
in mild cognitive impairment and alzheimer’s disease : study based
on neurite orientation dispersion and density imaging (NODDI). Clin
Neuroradiol. 2020;30:569-579.

Kraguljac NV, Guerreri M, Strickland MJ, Zhang H. Neurite orientation
dispersion and density imaging in psychiatric disorders: a systematic
literature review and a technical note. Biol Psychiatry Glob Open Sci.
2023;3:10-21.

Moody JF, Dean DC 3rd, Kecskemeti SR, et al. Associations between
diffusion MRI microstructure and cerebrospinal fluid markers of
Alzheimer’s disease pathology and neurodegeneration along the
Alzheimer’s disease continuum. Alzheimers Dement. 2022;14:€12381.
Radhakrishnan H, Stark SM, Stark CEL. Microstructural alterations
in hippocampal subfields mediate age-related memory decline in
humans. Front Aging Neurosci. 2020;12:94.

Talwar P, Kushwaha S, Chaturvedi M, Mahajan V. Systematic review
of different neuroimaging correlates in mild cognitive impairment and
Alzheimer’s disease. Clin Neuroradiol. 2021;31:953-967.

Soares JM, Marques P, Alves V, Sousa N. A hitchhiker’s guide to
diffusion tensor imaging. Front Neurosci. 2013;7:31.

Jones DK. Studying connections in the living human brain with diffu-
sion MRI. Cortex. 2008;44:936-952.

Martensson J, Latt J, Ahs F, et al. Diffusion tensor imaging and tractog-
raphy of the white matter in normal aging: the rate-of-change differs
between segments within tracts. Magn Reson Imaging. 2018;45:113-
119.

Sullivan EV, Pfefferbaum A. Diffusion tensor imaging and aging.
Neurosci Biobehav Rev. 2006;30:749-761.

Thomason ME, Thompson PM. Diffusion imaging, white matter, and
psychopathology. Annu Rev Clin Psychol. 2011;7:63-85.

Bouhrara M, Triebswetter C, Kiely M, et al. Association of cere-
bral blood flow with longitudinal changes in cerebral microstructural
integrity in the Coronary Artery Risk Development in Young Adults
(CARDIA) Study. JAMA Netw Open. 2022;5:€2231189.

Okudzhava L, Heldmann M, Munte TF. A systematic review of diffusion
tensor imaging studies in obesity. Obes Rev. 2022;23:€13388.
Marebwa BK, Adams RJ, Magwood GS, et al. Cardiovascular risk fac-
tors and brain health: impact on long-range cortical connections and
cognitive performance. J Am Heart Assoc. 2018;7:e010054.

Kamiya K, Hori M, Aoki S. NODDI in clinical research. J Neurosci
Methods. 2020;346:108908.

Beydoun MA, Dore GA, Canas JA, et al. Systemic Inflammation is
associated with longitudinal changes in cognitive performance among
urban adults. Front Aging Neurosci. 2018;10:313.

Beydoun MA, Weiss J, Obhi HK, et al. Cytokines are associated with
longitudinal changes in cognitive performance among urban adults.
Brain Behav Immun. 2019;80:474-487.

Beydoun MA, Beydoun HA, Kaufman JS, et al. Apolipoprotein E
epsilon4 allele interacts with sex and cognitive status to influence all-
cause and cause-specific mortality in U.S. older adults. J Am Geriatr Soc.
2013;61:525-534.

Beydoun MA, Weiss J, Beydoun HA, et al. Race, APOE genotypes, and
cognitive decline among middle-aged urban adults. Alzheimers Res Ther.
2021;13:120.

. Braskie MN, Boyle CP, Rajagopalan P, et al. Physical activity, inflamma-

tion, and volume of the aging brain. Neuroscience. 2014;273:199-209.

85U80|7 SUOWWIOD 3AIa.D 3|qeoljdde 8Ly Aq peusenob aJe sajone O ‘88N 4O SajnJ 10} Arlq1T8UIUQ /8|1 UO (SUOIPUOD-PUe-SWWB}/W0D B 1M *ATe.q 1 [BUI|UO//:SANY) SUORIPUOD Pue Swie | 841 89S *[5202/T0/8T] uo A%iqiauljuo A8|IMm ‘8.1 Ad L0ST Z[e/200T 0T/10p/wod A8 |1m Areiq 1 puljuo'S[euno -z e//sdny woij papeojumoq ‘0 ‘6.25255T



BEYDOUNET AL.

Alzheimer’s &Dementia® | 1

44,

45.

46.

47.

48.

49.

50.

51.

52.

583.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Corlier F,Hafzalla G, Faskowitz J, et al. Systemic inflammation as a pre-
dictor of brain aging: contributions of physical activity, metabolic risk,
and genetic risk. Neuroimage. 2018;172:118-129.

Raj D, Yin Z, Breur M, et al. Increased White Matter Inflamma-
tion in Aging- and Alzheimer’s Disease Brain. Front Mol Neurosci.
2017;10:206.

Sala-Llonch R, Idland AV, Borza T, et al. Inflammation, amyloid, and
atrophy in the aging brain: relationships with longitudinal changes in
cognition. J Alzheimers Dis. 2017;58:829-840.

Mahley RW. Apolipoprotein E: from cardiovascular disease to neu-
rodegenerative disorders. J Mol Med. 2016;94:739-746.

Triebswetter C, Kiely M, Khattar N, et al. Differential associations
between apolipoprotein E alleles and cerebral myelin content in
normative aging. Neuroimage. 2022;251:118988.

UK Biobank. UK Biobank: Protocol for a large-scale prospective
epidemiological resource. UK Biobank; 2007.

UK Biobank. Algorithmically-defined outcomes (ADOs). UK Biobank;
2022.

Navale SS, Mulugeta A, Zhou A, Llewellyn DJ, Hypponen E. Vitamin
D and brain health: an observational and Mendelian randomization
study. Am J Clin Nutr. 2022;116:531-540.

de Groot M, Vernooij MW, Klein S, et al. Improving alignment in
tract-based spatial statistics: evaluation and optimization of image
registration. Neuroimage. 2013;76:400-411.

Miller KL, Alfaro-Almagro F, Bangerter NK, et al. Multimodal popu-
lation brain imaging in the UK Biobank prospective epidemiological
study. Nat Neurosci. 2016;19:1523-1536.

Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC. NODDI:
practical in vivo neurite orientation dispersion and density imaging of
the human brain. Neuroimage. 2012;61:1000-1016.

Qian W, Khattar N, Cortina LE, Spencer RG, Bouhrara M. Nonlinear
associations of neurite density and myelin content with age revealed
using multicomponent diffusion and relaxometry magnetic resonance
imaging. Neuroimage. 2020;223:117369.

Vogt NM, Hunt JF, Adluru N, et al. Cortical Microstructural alterations
in mild cognitive impairment and Alzheimer’s disease dementia. Cereb
Cortex. 2020;30:2948-2960.

Beydoun MA, Beydoun HA, Gale SD, et al. Cardiovascular health, infec-
tion burden and their interactive association with brain volumetric
and white matter integrity outcomes in the UK Biobank. Brain Behav
Immun. 2023;113:91-103.

Beydoun MA, Beydoun HA, Hu YH, et al. Plasma proteomic biomarkers
and the association between poor cardiovascular health and incident
dementia: the UK Biobank study. Brain Behav Immun. 2024;119:995-
1007.

Sun BB, Chiou J, Traylor M, et al. Plasma proteomic associations with
genetics and health in the UK Biobank. Nature. 2023;622:329-338.
Chadeau-Hyam M, Bodinier B, Vermeulen R, et al. Education, biolog-
ical ageing, all-cause and cause-specific mortality and morbidity: uK
biobank cohort study. EClinicalMedicine. 2020;29-30:100658.
Townsend PPP, Beattie A. Health and Deprivation: Inequality and the
North. Croom Helm; 1987.

Discacciati A, Bellavia A, Lee JJ, Mazumdar M, Valeri L. Med4way: a
stata command to investigate mediating and interactive mechanisms
using the four-way effect decomposition. Int J Epidemiol. 2018.
Pamplin li JR, Rudolph KE, Keyes KM, Susser ES, Bates LM. Investi-
gating a paradox: toward a better understanding of the relationships
between racial group membership, stress, and major depressive disor-
der. Am J Epidemiol. 2023;192:1845-1853.

Karriker-Jaffe KJ, Foshee VA, Ennett ST. Examining how neighborhood
disadvantage influences trajectories of adolescent violence: a look at
social bonding and psychological distress. J Sch Health. 2011;81:764-
773.

Jolliffe IT. Principal Component Analysis. Springer Science & Business
Media; 2002.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Beydoun MA, Beydoun HA, Noren Hooten N, et al. Hospital-treated
prevalent infections, the plasma proteome and incident dementia
among UK older adults. iScience. 2023;26:108526.

Beydoun HA, Beydoun MA, Noren Hooten N, et al. Mediating and
moderating effects of plasma proteomic biomarkers on the associa-
tion between poor oral health problems and incident dementia: the UK
Biobank study. Geroscience. 2024;46:5343-5363.

Beydoun MA, Beydoun HA, Hu YH, et al. Mediating and moderating
effects of plasma proteomic biomarkers on the association between
poor oral health problems and brain white matter microstructural
integrity: the UK Biobank study. Mol Psychiatry. 2024.

Hessler JB, Ander KH, Bronner M, et al. Predicting dementia in pri-
mary care patients with a cardiovascular health metric: a prospective
population-based study. BMC Neurol. 2016;16:116.

Acosta JN, Both CP, Rivier C, et al. Analysis of clinical traits associated
with cardiovascular health, genomic profiles, and neuroimaging mark-
ers of brain health in adults without stroke or dementia. JAMA Netw
Open. 2022;5:2215328.

FuY, SunY, Wang ZB, et al. Associations of Life’s Simple 7 with cere-
bral white matter hyperintensities and microstructural integrity: UK
Biobank cohort study. Eur J Neurol. 2023;30:1200-1208.

Gardener H, Caunca M, Dong C, et al. Ideal Cardiovascular health and
biomarkers of subclinical brain aging: the Northern Manhattan Study.
J Am Heart Assoc. 2018;7:e009544.

Ren Y, Zhao H, Yin C, et al. Adipokines, hepatokines and myokines:
focus on their role and molecular mechanisms in adipose tissue
inflammation. Front Endocrinol (Lausanne). 2022;13:873699.

Gunstad J, Spitznagel MB, Keary TA, et al. Serum leptin levels
are associated with cognitive function in older adults. Brain Res.
2008;1230:233-236.

Holden KF, Lindquist K, Tylavsky FA, Rosano C, Harris TB, Yaffe K.
Serum leptin level and cognition in the elderly: findings from the
Health ABC Study. Neurobiol Aging. 2009;30:1483-1489.

Lieb W, Beiser AS, Vasan RS, et al. Association of plasma leptin lev-
els with incident Alzheimer disease and MRI measures of brain aging.
JAMA. 2009;302:2565-2572.

Mooldijk SS, Ikram MK, Ikram MA. Adiponectin, leptin, and resistin and
the risk of dementia. J Gerontol A Biol Sci Med Sci. 2022;77:1245-1249.
Lee S, Byun MS, Yi D, et al. Plasma leptin and Alzheimer protein
pathologies among older adults. JAMA Netw Open. 2024;7:€249539.
Arnoldussen IAC, Gustafson DR, Leijsen EMC, de Leeuw FE, Kiliaan AJ.
Adiposity is related to cerebrovascular and brain volumetry outcomes
in the RUN DMC study. Neurology. 2019;93:e864-e878.

Harvey J, Solovyova N, Irving A. Leptin and its role in hippocampal
synaptic plasticity. Prog Lipid Res. 2006;45:369-378.

Shanley LJ, Irving AJ, Harvey J. Leptin enhances NMDA receptor
function and modulates hippocampal synaptic plasticity. J Neurosci.
2001;21:RC186.

Doherty GH, Oldreive C, Harvey J. Neuroprotective actions of
leptin on central and peripheral neurons in vitro. Neuroscience.
2008;154:1297-1307.

Guo Z, Jiang H, Xu X, Duan W, Mattson MP. Leptin-mediated cell sur-
vival signaling in hippocampal neurons mediated by JAK STAT3 and
mitochondrial stabilization. J Biol Chem. 2008;283:1754-1763.
Fewlass DC, Noboa K, Pi-Sunyer FX, Johnston JM, Yan SD, Tezapsidis
N. Obesity-related leptin regulates Alzheimer’s Abeta. FASEB J.
2004;18:1870-1878.

Greco SJ, Sarkar S, Johnston JM, et al. Leptin reduces Alzheimer’s
disease-related tau phosphorylation in neuronal cells. Biochem Biophys
Res Commun. 2008;376:536-541.

Tezapsidis N, Johnston JM, Smith MA, et al. Leptin: a novel therapeutic
strategy for Alzheimer’s disease. J Alzheimers Dis. 2009;16:731-740.
Gruzdeva O, Borodkina D, Uchasova E, Dyleva Y, Barbarash O. Lep-
tin resistance: underlying mechanisms and diagnosis. Diabetes Metab
Syndr Obes. 2019;12:191-198.

85U80|7 SUOWWIOD 3AIa.D 3|qeoljdde 8Ly Aq peusenob aJe sajone O ‘88N 4O SajnJ 10} Arlq1T8UIUQ /8|1 UO (SUOIPUOD-PUe-SWWB}/W0D B 1M *ATe.q 1 [BUI|UO//:SANY) SUORIPUOD Pue Swie | 841 89S *[5202/T0/8T] uo A%iqiauljuo A8|IMm ‘8.1 Ad L0ST Z[e/200T 0T/10p/wod A8 |1m Areiq 1 puljuo'S[euno -z e//sdny woij papeojumoq ‘0 ‘6.25255T



» | Alzheimer’s &Dementiar

88.
89.
90.
91.

92.

BEYDOUN ET AL.

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Bouyagoub S, Dowell NG, Gabel M, Cercignani M. Comparing multi-
band and singleband EPlin NODDI at 3 T: what are the implications for
reproducibility and study sample sizes?. MAGMA. 2021;34:499-511.
Burzynska AZ, Anderson C, Arciniegas DB, et al. Metabolic syndrome
and adiposity: risk factors for decreased myelin in cognitively healthy
adults. 2023;5:100180.

Faulkner ME, Gong Z, Bilgel M, et al. Evidence of association between
higher cardiorespiratory fitness and higher cerebral myelination in
aging. Proc Natl Acad Sci US A. 2024;121:e2402813121.

Gong Z, Bilgel M, Kiely M, et al. Lower myelin content is associ-
ated with more rapid cognitive decline among cognitively unimpaired
individuals. Alzheimers Dement. 2023;19:3098-3107.

Alsameen MH, Gong Z, Qian W, et al. C-NODDI: a constrained NODDI
model for axonal density and orientation determinations in cerebral
white matter. Front Neurol. 2023;14:1205426.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.

How to cite this article: Beydoun MA, Beydoun HA, Noren
Hooten N, et al. Plasma proteomic biomarkers as mediators or
moderators for the association between poor cardiovascular
health and white matter microstructural integrity: The UK
Biobank study. Alzheimer’s Dement. 2024;1-20.
https://doi.org/10.1002/alz.14507

85U80|7 SUOWWIOD 3AIa.D 3|qeoljdde 8Ly Aq peusenob aJe sajone O ‘88N 4O SajnJ 10} Arlq1T8UIUQ /8|1 UO (SUOIPUOD-PUe-SWWB}/W0D B 1M *ATe.q 1 [BUI|UO//:SANY) SUORIPUOD Pue Swie | 841 89S *[5202/T0/8T] uo A%iqiauljuo A8|IMm ‘8.1 Ad L0ST Z[e/200T 0T/10p/wod A8 |1m Areiq 1 puljuo'S[euno -z e//sdny woij papeojumoq ‘0 ‘6.25255T


https://doi.org/10.1002/alz.14507

	Plasma proteomic biomarkers as mediators or moderators for the association between poor cardiovascular health and white matter microstructural integrity: The UK Biobank study
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Database
	2.1.1 | Dementia exclusion criterion
	2.1.2 | dMRI phenotypic outcomes
	2.1.3 | CVH, measured by LE8
	2.1.4 | OLINK proteomics
	2.1.5 | Covariates
	2.1.6 | Study sample selection
	2.1.7 | Statistical methods


	3 | RESULTS
	3.1 | Descriptive analysis
	3.2 | Exposure-outcome analyses: Multiple linear regression models
	3.3 | Exposure-mediator analyses: Multiple linear regression models
	3.4 | Mediation-moderation analysis: Four-way decomposition models
	3.5 | Post hoc principal components analyses and four-way decomposition models
	3.6 | Proteome-wide four-way decomposition models and pathways analyses
	3.7 | Post hoc analyses for LE8 components and sub-scores

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	DIVERSITY, EQUITY, AND INCLUSION STATEMENT
	REFERENCES
	SUPPORTING INFORMATION


