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1 | INTRODUCTION

KANGET AL.

METHODS: This cross-sectional study included 1414 cognitively unimpaired,
treatment-naive individuals aged 60 to 85 years from the Cognitive Health in Age-
ing Register: Investigational, Observational and Trial Studies in Dementia Research
(CHARIOT): Prospective Readiness cOhort (PRO) SubStudy. Relationships between
CMHSs/SS and cardiovascular risk factors, amyloid beta (AB) load, apolipoprotein E
(APOE) ¢4 status, educational attainment, and white matter hyperintensities were
investigated using regression analyses and structural equation modeling.

RESULTS: CMHs were observed in 8.3% of participants and SS in 1.3%. Significant
risk factors for CMHs included age and hypertension. Higher education attainment
appeared to have a protective effect. Elevated amyloid is a risk factor, particularly when
adjusting for APOE ¢4 status in individuals aged 70 or younger.

DISCUSSION: Increasing age and hypertension are significant risk factors of CMHs.
Higher educational attainment may offer a protective effect.

KEYWORDS

Alzheimer’s disease, amyloid, amyloid-related imaging abnormalities, anti-amyloid therapies,
APOE ¢4, ARIA, CAA, cerebral microhemorrhages, cognitively unimpaired, dementia, hypercholes-
terolemia, hypertension, MRI, PET, superficial siderosis, white matter hyperintensities

Highlights

* Of the 1414 participants from the CHARIOT-PRO SubStudy (CPSS), CMHs were
present in 118 (8.3%), and SS was present in 18 (1.3%).

* Age and hypertension were identified as significant risk factors for CMHs, and
the latter had a stronger association with the presence of CMHs among female
participants. Having a bachelor’s degree or higher was found to be protective.

* Elevated brain amyloid burden, particularly when adjusted for APOE ¢4 carrier

status, was identified as a risk factor in individuals aged 70 years and below.

in research and development of novel disease-modifying therapies,!?
the occurrence of ARIA-H and ARIA-E has generated vigorous dis-

Cerebral microhemorrhages (CMHSs) and cortical superficial siderosis
(SS) appear as hemosiderin deposition on T2* weighted/gradient echo
magnetic resonance imaging (MRI).X CMHs are thought to represent
foci of past hemorrhage into the perivascular space and surrounding
vessel wall, whereas the presence of SS indicates blood permeation
into the subpial or subarachnoid spaces.2"* Histopathological studies
have related the signal void in MRI-detected CMHSs to hemosiderin-
laden macrophages.”

Attention has been drawn to CMHs and SS as one of the two
types of MRI abnormalities observed as adverse events of anti-amyloid
immunotherapies,® ? termed amyloid-related imaging abnormalities
(ARIA): ARIA-H includes CMHs and SS, while ARIA-E refers to
cerebral vasogenic edema or effusion.’

Recent successes in trials of two anti-amyloid immunothera-
pies (lecanemab and donanemab) in early clinically symptomatic
Alzheimer’s disease (AD) stages led to their approval in the United
States and several other countries as the first disease-modifying ther-

apies in AD.8-19 Although these positive results have inspired a surge

cussions among healthcare professionals, payers, and policymakers
regarding their benefit-to-risk ratio, considering their effectiveness
versus safety profile, in the context of the overall cost of treat-
ment and monitoring in AD.2 It has been recognized that pre-
randomization, MRI-detected CMHs are considered a risk factor for
developing ARIA with anti-amyloid beta (AB) monoclonal antibody
therapies,'3-16 and the presence of four or more is considered an
exclusion criterion for anti-AgS antibody therapy trials or use in clinical
practice.l”

The worldwide number of dementia patients among older adults is
high and predicted to increase to 150 million by 2050.1%1? A 2023
report demonstrated that dementia incidence is on the increase by
as much as 25% from 2008 to 2016 in England and Wales.2® The
high socioeconomic burden associated with AD emphasizes the urgent
need for effective disease management strategies.?! Therefore, it is
imperative to investigate the occurrence and risk factors of ARIA-like
phenomena in older adults at risk of developing AD who have not

been exposed to amyloid-targeting therapies, to better understand the
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natural history of these phenomena and subsequently inform mitiga-
tion strategies and future drug discovery and development.

Among treatment-naive patient populations (including participants
at baseline or receiving a placebo in trials), the prevalence of ARIA-
E is rare (<0.8%),%22-24 whereas the prevalence of ARIA-H has been
reported as high as 42.5%, along the AD continuum.225:26

The advent of amyloid-modifying prevention trials for cognitively
unimpaired (CU) individuals with elevated AB load (AB+) or carriers of
familial AD mutations?’~2? has underscored the necessity of ascertain-
ing the prevalence and risk factors for CMHs in relevant age groups
within the general population. Prior studies including untreated CU
individuals, with or without elevated cerebral Aj status, across various
age groups, have reported CMHs prevalence rates ranging from 6.5%
to 39%,39-35 jllustrating the nuanced landscape of CMHs prevalence.

The Cognitive Health in Ageing Register: Investigational, Observa-
tional and Trial Studies in Dementia Research (CHARIOT): Prospective
Readiness cOhort (PRO) SubStudy (denoted hereafter as CPSS) was
initiated in 2015, as an industry-sponsored study, with two sites in the
United Kingdom (UK), Imperial College London (ICL) and the University
of Edinburgh (EDI).3¢ The CPSS study was completed in July 2024. The
CHARIOT PRO Longitudinal Study (CPLS) was initiated in March 2025,
at ICL, made possible through philanthropic funding.

This publication evaluated the presence of CMHs and SS in a large
cohort of CU older adults screened as part of CPSS and assessed
their relationships with age, sex, A3 load, apolipoprotein E (APOE)
¢4 genotype, MRI-detected white matter hyperintensities (WMHs),
educational level, hypertension, body mass index (BMI), hypercholes-
terolemia, and type 2 diabetes.

2 | METHODS
2.1 | Study participants and design

CPSS is a prospective, longitudinal, biomarker-enriched, observational
study3¢ conducted at ICL and EDI. The study’s main aims were to iden-
tify and evaluate cognitive, imaging, and fluid markers of pathology
and clinical progression of AD and related dementias in older adults
who were CU at screening and baseline. As an industry-sponsored
study, CPSS followed the rigorous operational model of pharmaceu-
tical clinical trials, including regular data monitoring and validation at
source.

Most participants at both centers were recruited from regional reg-
istries of healthy older adults who had consented to be invited to be
considered for observational or interventional studies in AD.3 A total
of 1914 individuals, aged 60 to 85, at ICL and 537 at EDI entered
the CPSS screening process, which was completed in four consec-
utive separate visits within a 90-day window and included a brain
MRI scan. The major clinical exclusion criteria for the CPSS included
a diagnosis of AD dementia, mild cognitive impairment (MCI), or any
other degenerative brain disorder that is associated with dementia at
screening or known familial autosomal dominant AD, clinical evidence

of any other brain disease or other conditions leading to demen-
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the relevant literature
using traditional (e.g., PubMed) sources. Given recent evi-
dence of CMHs and SS being key side effects (ARIA-H) of
anti-amyloid immunotherapies, it is of paramount impor-
tance to assess their prevalence and risk factors in large
cohorts of cognitively unimpaired, older adults at risk
of Alzheimer’s disease (AD) who have not received such
treatments.

2. Interpretation: Age, hypertension, and higher levels of
cortical amyloid beta (AB+) - particularly when adjusted
for APOE &4 status - were identified as risk factors for
the presence of ARIA-H-like MRI findings (CMHs and SS)
in a population from the CPSS study. Educational attain-
ment of a bachelor’s degree or above was identified as a
protective factor.

3. Futuredirections: Prospective longitudinal studies of suf-
ficient length in more diverse populations are needed to
evaluate further the risks and protective factors of CMHs
and their role in the natural progression of the AD contin-
uum and potentially provide value in the design of future
clinical trials for anti-amyloid therapies.

tia, presence of any clinically significant unstable illness, history of
stroke or transient ischemic attack (TIA), use of AD pharmacologi-
cal therapies, and evidence of psychiatric/cognitive disorders/other
abnormalities such as low vitamin B12 (with abnormal homocysteine
and methylmalonic acid) and linked to cognitive deficits. The MRI exclu-
sionary findings included evidence of abnormalities that could cause
cognitive deficits (e.g., hydrocephalus, age-related white matter dis-
ease of >25%, frontal or temporal atrophy not typical of AD), history
or evidence of a single prior hemorrhage > 1cm?3, multiple lacunar
infarcts (two or more) or single prior infarct > 1 cm3, evidence of a
cerebral contusion, encephalomalacia, aneurysms, vascular malforma-
tions, subdural hematoma, space-occupying lesions, or MRI features
atypical of AD dementia. Evidence of brain edema (e.g., ARIA-E, vaso-
genic edema), hemosiderin deposits >10 mm in size, or hemosiderin
deposits < 10 mm in size but > 10 in number were reviewed by the
Sponsor’s Medical Monitor to address plans for clinical evaluation and
follow-up as well as for potential inclusion/exclusion in the study.
Furthermore, a history of first-degree relative(s) with clinical AD
was required for participants aged 60 to 65 years. This measure was
added to enrich the cohort for cerebral AB positivity, aimed at min-
imizing screen failure rates. All participants who entered the CPSS
longitudinal study were CU based on the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS) and other cogni-
tive tests and had a global Clinical Dementia Rating (CDR) score of O

at screening. They were in satisfactory health and medically stable on
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the basis of physical and neurological examination and laboratory tests
performed during the CPSS screening process.

Participants without exclusionary MRI findings were then screened
for AB status determination via positron emission tomography (PET,
n = 1076, including 854 at ICL and 222 at EDI) or cerebrospinal fluid
(CSF) measurements (h = 194, including 109 at ICL and 85 at EDI). An
equal number of participants with elevated (AB+) and matched non-
elevated (AB—) cerebral amyloid load were enrolled in the longitudinal
study. APOE genotyping was initially undertaken at the early screening
stages but was subsequently conducted in participants enrolled in the
longitudinal CPSS study only, resulting in a sample of 833 participants
with available APOE genotype data.

This analysis is based on the screening brain MRIs of 1414 par-
ticipants (1055 at ICL and 339 at EDI). This included the prevalence
of CMHSs and SS and their relationship to a number of potential risk

factors

2.2 | Clinical and demographic characteristics

Medical history data, including cardiometabolic risk factors (hyper-
tension, type 2 diabetes, and hypercholesterolemia), were collected
during the CPSS screening phase, as reported by participants and
later verified by their primary care physicians. Furthermore, partici-
pants presenting at screening with blood pressure measurements of
160/100 mmHg or higher, as derived from the lowest values of three
repetitive measurements, were considered to have hypertension as
per the UK guidelines.®® Height and weight were measured for BMI
determination.

Other sociodemographic data collected were age, sex, race, being a
resident of Greater London Region (GLR) for the ICL site and Edinburgh
region (ER) for the EDI site, educational attainment (defined either as
lower than a bachelor’s degree or bachelor’s degree and higher), and
marital status.

2.3 | MRI methodologies

MRI was performed on all eligible participants at screening. The scans
were conducted based on a standardized MRI protocol, which included
a 3D sagittal T1-weighted gradient echo, two-dimensional (2D) axial
FLAIR, T2* gradient echo, dual-echo proton-density and T2-weighted
turbo/fast spin echo, T1-weighted turbo/fast spin echo, and diffusion-
weighted imaging (DWI) sequences. Siemens 3T scanners were used
for most subjects (Skyra 51.8%, Verio 24.4%, Prisma 12.2%, and Tri-
oTim 11.4%). The T2* sequence settings were as follows: repetition
time (TR) = 639 ms, echo time (TE) = 20 ms, slice thickness = 5 mm,
slice gap = 0 mm, field of view (FOV) = 240 mm, reduced FOV = 75%,
matrix =256 x 256, averages = 1.

Three subjects (0.2%) were scanned on a General Electric Signa
HDxt 1.5T scanner, and 2D sequences were acquired using 5-mm slices
with no interslice gap and an in-plane resolution of 0.94 x 0.94 mm?
(1.88 x 1.88 mm? for the DWI). To account for the increased sensitivity

to CMHSs and SS on 3T scanners compared to 1.5T, TE was increased to
30 ms at 1.5T versus 20 ms at 3T.37

The magnetic resonance images were assessed centrally by a sin-
gle reader out of a pool of two blinded neuroradiologists at Clario
(formerly Bioclinica) central laboratory to determine study eligibility.
Borderline findings were reviewed by the Medical Monitor prior to
final eligibility determination.

CMHs were hemosiderin deposits defined as punctate T2*
hypointensities of < 10 mm in diameter. SS were hemosiderin deposits
defined as linear/curvilinear T2* hypointensities, of any size.

WMH lesions were evaluated on MRI for the left and right sides of
five broad brain regions (totaling 10 regions): frontal, parieto-occipital,
temporal, basal ganglia, and infratentorial/cerebellum. Each region was
assigned one of four values based on visual observation according to
the Age-Related White Matter Changes (ARWMC) scale.*® For the
basal ganglia, the following grades were available: 0 =no lesion; 1=one
focal lesion (>5 mm); 2 = > one focal lesion (>5 mm); and 3 = conflu-
ent lesions. For other regions, grades were defined as follows: O = no
lesions (including symmetrical, well-defined caps or bands); 1 = focal
lesions; 2 = beginning confluence of lesions; and 3 = diffuse involve-
ment of entire region. ARWMC scores for each region were calculated
by summing left and right hemisphere scores, resulting in a range of O
to 6.40

Furthermore, significant incidental cerebral abnormalities that

were detected are also noted in our results.

2.4 | Amyloid assessment

CPSS participants without exclusionary brain pathology on MRI pro-
ceeded to amyloid status assessment during the final screening
stage.

Amyloid PET scans were obtained using one of three independent
F18-radiolabeled tracers: florbetapir, flutemetamol, and florbetaben.
Scans were acquired in three-dimensional (3D) mode, with correc-
tion for attenuation (computerized tomography-based), scatter and
random coincidence. They were evaluated using a hybrid visual and
quantitative approach (Supplementary Text 1). Visual reads were per-
formed by one of two neuroradiologists at Clario central laboratory,
according to the prescribing information for each tracer, blinded to
the standardized uptake value ratio (SUVR). The quantitative analysis
involved co-registration of the image to each participant’s baseline 3D
T1-weighted MRI. A composite SUVR was calculated as the volume-
weighted average across FreeSurfer target and reference subregions
derived from native-space MRI. Positive SUVR (denoted as AB+)
thresholds for each tracer were as follows: florbetapir: >1.14 (refer-
enced to the whole cerebellum); florbetaben: >1.20 (referenced to
cerebellar grey matter); and flutemetamol: >1.21 (referenced to the
whole cerebellum). In cases where visual and quantitative analysis gave
discordant results, a scan with an above-threshold SUVR (after quality
control) was always classified as positive, and a positive primary visual
read (with the concurrence of a second reader) was always classified as

positive if the second reader agreed.
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Analysis of CSF samples included CSF ABq.4, as the primary assay
using the Fujirebio INNOTEST-AMYLOID1-42 and the CSF AB42/40
ratio as the confirmatory assay, using the Meso Scale Discovery (MSD)
V-plex AB4z/40 ratio. Criteria for decreased AB1.42 and AB4z/40 ratios
were <600 ng/L and <0.89, respectively. Participants having con-
cordant below-threshold values were judged to have elevated brain
amyloid levels, and those with concordant above-threshold values had
non-elevated brain amyloid levels. In case of discordant values, a sec-
ond aliquot from the same sample of CSF was re-analyzed; those
with concordant values on the repeat assay were classified appropri-
ately, while those that remained discordant between CSF assays were

considered ineligible.

2.5 | APOE genotyping

APOE ¢4 carrier status was available for 833 participants. APOE geno-
typing was conducted using standardized procedures of extracting
genomic DNA via a commercially available kit (QlAgen QIAsymphony
DSP DNA Mini Kits or Promega Maxwell RSC Whole Blood DNAKit). In
this study, participants were divided into two categories: APOE ¢4 non-
carriers (£2/¢2, €2/¢3, and £3/£3) and ¢4 carriers. The latter group was
further divided into heterozygous (¢2/¢4 and £3/¢4) and homozygous

(e4/¢4) carriers.

2.6 | Statistical analysis

CMHs prevalence was examined by age group (70 and below; 71 to
78; and 79 to 85 years), sex, primary residence (GLR or ER), Ag status,
and APOE &4 carrier status. Participants were classified into (1) binary
groups (0 [no CMHs] or 1+) and (2) three categorical groups (0, 1 to 3,
or 4+ CMHs). SS was analyzed separately. It was found that only five
cases had evidence of both CMHs and SS (0.35%).

Fisher’s exact test and the Kruskal-Wallis equality-of-populations
rank test were used to assess the significance of CMHs and SS preva-
lence in relation to covariates. Univariate and multivariate ordinal
logistic regressions were applied using three ordinal categories of the
number of CMHs (0, 1 to 3, or 4+) as the dependent variable. Car-
diometabolic risk factors, amyloid status, and APOE €4 genotype (when
available), as well as sociodemographic factors, were also included in
the models. Backwards elimination procedures, clinical significance,
and log-likelihood (a measure of goodness of fit) were used to select
terms for the final multivariate model. Analyses were conducted on
both the total study population and, separately, for those partici-
pants with available APOE ¢4 genotype data and for participants from
the larger sample of GLR study site. Due to their clinical relevance,
subgroup analysis was performed stratifying by age group (<70 and
>71years) and sex. Where differences in risk factor associations with
CMHs were apparent between groups, interaction analysis was con-
ducted through the introduction of the relevant interaction term in the
unstratified final multivariate model.

Structural equation modeling (SEM), a multivariate method previ-

ously demonstrated to be effective in modeling relationships between

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

latent variables, observable indicators, and testing theories,*>*2 was
employed to test hypotheses regarding the potential mediating roles
of cardio-metabolic risk factors and amyloid load in the associations
between clinical and socio-demographic characteristics and CMHs.

All statistical analyses were conducted using Stata (version 17.0,
StataCorp LLC) and R statistical software (version 4.3.0, Copyright (C)
2023, The R Foundation for Statistical Computing).

3 | RESULTS
3.1 | Demographic information

The screening study population had a mean age of 71.1 years (SD =5.3)
and consisted of 744 females (52.6%). Participants were predomi-
nantly of white race (97.2%), and 57.1% held a bachelor’s degree or
a higher qualification. The mean BMI value for the total cohort was
26.2 (SD = 4.2). Among the participants who underwent amyloid-PET
or CSF analysis, 238 (18.7%) were identified as AB+. There were 257
(30.9%) APOE &4 carriers among the 833 participants with available
APOE ¢4 genotyped data. The demographic data of participants with
APOE genotype data were similar to the overall sample, apart from
a greater prevalence of elevated amyloid burden, resulting from the
selection process for genotyping (Table S1). Overall, CMHs was present
in 118 (8.3%), and SS was present in 18 (1.3%) of the 1414 participants
(Table 1). CMHs were more prevalent in those residing in GLR (9.4%,
p = 0.02) and among participants over the age of 71, with 52 partici-
pants (10%) in the 71 to 78 age group and 20 (15.3%) in the 79 to 85
age group having one or more CMHs (p = 0.001). The presence of SS
was more prevalent in men (14/70) than in women (4/774) (p = 0.02)
(Table 2).

3.2 | Prevalence of cerebral microhemorrhages and
superficial siderosis with key covariates

Individuals aged 71 years or older had a higher prevalence of
CMHs (p = 0.003) than those aged up to 70. Among the 118 partic-
ipants with evidence of CMHs, a higher proportion had one to three
lesions (n = 99, 83.9%) compared to those with four or more lesions
(n =19, 16.1%; p < 0.001; one-sample test of proportion). Possess-
ing at least one APOE €4 allele was more prevalent in the CMHs 4+
group (p =0.03) compared to APOE 4 non-carriers, particularly among
homozygous cases (p = 0.02) (Table 2 offers a more in-depth analysis of
the severity of findings related to CMHs and SS).

3.3 | Associations between CMHs and
cardiometabolic risk factors with APOE and AS status

In univariate ordinal logistic regression models of CMHs prevalence
(0, 1-3, or 4+), and without adjustment for covariates, age was iden-
tified as a risk factor for CMHs, with odds ratios (95% confidence
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TABLE 1 Prevalence of MRI-detected cerebral microhemorrhages and superficial siderosis for demographic and clinical characteristics.

Cerebral microhemorrhages, N (%) Superficial siderosis, N (%)

Participant N(%)/ GLR (N = 1055) ER (N = 359) GLR (N = 1055) ER(N=359)
characteristics Mean(SD) O 1+ 0 1+ 0 1+ 0 1+
Total 956 (90.6) 99(9.4) 340(94.7) 19(5.3) 1041(98.7) 14(1.3) 355(98.9) 4(1.1)
Age 71.1(5.3) 70.9(5.2) 73.0(5.6)* 69.2(5) 73.3(10.3) 71.1(5.3) 72.8(4.9) 69.2(5) 73.3(10.3)
Age group

70 and below 764 (54) 497 (93.6) 34 (6.4) 221(94.8) 12(5.2) 526(99.1) 5(0.9) 231(99.1) 2(0.9)

71to78 519(36.7) 369(88.7) 47 (11.3)* 98(95.1) 5(4.9) 409 (98.3) 7(1.7) 103 (100) -

79to 85 131(9.3) 90(83.3) 18(16.7) 21(91.3) 2(8.7) 106 (98.1) 2(1.9) 21(91.3) 2(8.7)
Sex

Female 744 (52.6) 504(91.8) 45(8.2) 186 (95.4) 9(4.6) 546(99.5) 3(0.5) 194 (99.5) 1(0.5)

Male 670(47.4) 452(89.3) 54(10.7) 154(93.9) 10(6.1) 495 (97.8) 11(2.2) 161(98.2) 3(1.8)
Race

White 1374(97.2) 919(90.5) 96(9.5) 340(94.7) 19(5.3) 1001 (98.6) 14(1.4) 355(98.9) 4(1.1)

Others 40(2.8) 37(92.5) 3(7.5) - - - - - -
Marital status

Married 968 (68.5) 635 (90.5) 67(9.5) 249 (93.6) 17 (6.4) 692(98.6) 10(1.4) 262(98.5) 4(1.5)

Others? 445(31.5) 321(91.2) 31(8.8) 91(97.8) 2(2.2) 348(98.9) 4(1.1) 93(100) -

Missing 1(0.1) - 1(100) - - 1(100) - - -
Highest education

Lessthan abachelor’'s 606 (42.9) 368 (88.9) 46(11.1) 180(93.8) 12(6.3) 408 (98.6) 6(1.4) 189(98.4) 3(1.6)

degree

Bachelor’s degree or 807(57.1) 588(91.7) 53(8.3) 159 (95.8) 7(4.2) 633(98.8) 8(1.2) 165 (99.4) 1(0.6)

higher

Missing 1(0.1) - - 1(100) - - - 1(100) -
Amyloid status

Non-elevated 1032(73) 708 (91.5) 66 (8.5) 249 (96.5) 9(3.5) 770(99.5) 4(0.5) 258(100) -

Elevated 238(16.8) 167(88.4) 22(11.6) 45(91.8) 4(8.2) 189 (100) - 49 (100) -

Missing 144 (10.2) 81(88) 11(12) 46 (88.5) 6(11.5) 82(89.1) 10(10.9) 48(92.3) 4(7.7)
APOE ¢4

Non-carrier 576(40.7) 413(89.4)  49(10.6) 112(98.2) 2(1.8) 460 (99.6) 2(04)  114(100) -

Heterozygous (e2/e4 236(16.7) 166(94.3) 10(5.7) 55(91.7) 5(8.3)" 176 (100) - 60(100) -

or ¢3/¢4)

Homozygous (e4/c4) 21(1.5) 13(86.7) 2(13.3) 5(83.3) 1(16.7) 14(93.3) 1(6.7) 5(83.3) 1(16.7)

Missing 581(41.1) 364(90.5) 38(9.5) 168 (93.9) 11(6.1) 391(97.3) 11(2.7) 176 (98.3) 3(1.7)
Hypertension

No 846(59.8) 611(92.7) 48(7.3) 175(93.6) 12 (6.4) 649(98.5)  10(1.5) 185(98.9) 2(1.1)

Yes 568(40.2) 345(87.1) 51(12.9)* 165(95.9) 7(4.1) 392(99) 4(1) 170(98.8) 2(1.2)
Type 2 diabetes

No 1326(93.8) 901(90.8) 91(9.2) 317(94.9) 17(5.1) 980(98.8)  12(1.2) 330(98.8) 4(1.2)

Yes 88(6.2) 55(87.3) 8(12.7) 23(92) 2(8) 61(96.8) 2(3.2) 25(100) -
Hypercholesterolemia

No 923(65.3) 597(90.7) 61(9.3) 251(94.7) 14(5.3) 648(98.5)  10(1.5) 262 (98.9) 3(1.1)

Yes 491(34.7) 359(90.4) 38(9.6) 89(94.7) 5(5.3) 393(99) 4(1) 93(98.9) 1(1.1)
BMI

N=1411° 262(4.2) 26.2(4.2) 26.1(4.0) 28.0(4.8) 4(26.2) 262(4.2) 94.6(7.8) 28(4.8) 26.2(3.7)

Abbreviations: ER, Edinburgh region; GLR, Greater London Region.
2Divorced/separated/single/widowed.

bThree missing cases in CMHs or SS none in GLR.

*p < 0.05; **p < 0.01 (Fisher’s exact or two-sample Wilcoxon rank-sum test).
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interval [CI]) of 1.64 (1.08, 2.48) for ages 71 to 78 years and 3.07 (1.64,
5.73) for ages 79 to 85 years. In addition, the GLR group exhibited a
higher prevalence of CMHs, with an odds ratio of 1.82(1.10, 3.03), com-
pared to the ER group. Hypertension was also significantly associated
with CMHs, with an odds ratio (95% Cl) of 1.49 (1.02, 2.17). Amyloid
load exhibited borderline significance (p = 0.06; Table 3). No significant
associations were found between CMHs and other cardiometabolic
risk factors, including type 2 diabetes, hypercholesterolemia, and BMI
(Tables S2 and S3).

The relationship between multiple covariates and CMHs was simul-
taneously examined in the ordinal logistic multivariate models. Age and
hypertension were identified as significant risk factors for CMHs with
an odds ratio (95% CI) of 1.06 for age (1.02, 1.1). The odds of hav-
ing CMHs increased by 6% for each additional year of age (assuming
other variables are constant), and the odds for hypertension were 1.59
(1.03, 2.48). Additionally, a high educational attainment level of at least
a bachelor’s degree was identified as a protective factor, with an odds
ratio (95% ClI) of 0.64 (0.42,0.98) (Table 4). In the subset with available
APOE data. We did not observe a significant association with APOE ¢4
carrier status in the total sample. A multivariate model without adjust-

ing for APOE in the subset with available APOE genotyping is reported

Stratified analysis age and sex

In the ordinal logistic multivariate models for CMHs stratified by age
group (Table 5), the association with AB positivity showed a higher,
although not statistically significant, estimated odds ratio (95% Cl) of
1.89 (0.86, 4.15) in the younger group (<70 years) compared to 1.12
(0.61,2.06) inthe older group (>70 years). In the full unstratified model,
this A x age group interaction was significant (p for interaction = 0.03).
In those with available APOE data (n = 833, 58.9% of the total cohort),
this difference between age groups was magnified upon adjustment for
APOE ¢4 status, with an odds ratio (95% Cl) for elevated AB status of 3.1
(1.13, 8.53) in individuals aged <70 years and no association in those
aged >70 years (odds ratio 1.04 (0.51, 2.13). Within this subset, with-
out adjustment for APOE ¢ status, the odds ratio (95% Cl) for amyloid
positivity was 2.5 (1.03, 6.07) in individuals aged <70 years and 0.94
(0.48, 1.85) in those >70 years (Table S5). Our data showed a trend
of increasing CMHs prevalence with age. Specifically, the percentage
of individuals with one to three CMHs was 5% in those 70 years and
younger to 13% in the 79 to 85 age group. Similarly, the occurrence of
4+ CMHs was 1.1% and 2.3% in these age groups.

The association between hypertension and CMHs was stronger in
women with an odds ratio (95% Cl) of 2.44 (1.26, 4.69). In comparison,
men had a not statistically significant odds ratio (95% Cl) of 1.1 (0.6,
2). In the full unstratified model, this hypertension x sex interaction
was significant (p for interaction = 0.03). In the models with APOE &4,
Ap positivity was a borderline risk factor among females, with an odds
ratio (95% Cl) of 2.29 (0.97, 5.4), relative to a not statistically significant
odds ratio (95% Cl) of 1.24 (0.53, 2.88) among males (Table 5).
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TABLE 3 Univariate models showing risk factors for cerebral microhemorrhages. Table shows results of ordinal logistic models using an
ordinal category of number of cerebral microhemorrhages (0, 1 to 3, 4+) as dependent variables and each risk factor as independent variable in
separate univariate models. Results are shown separately for total population and Greater London Region (GLR) only.

Total GLR

Variables N OR (95% Cl) p>|z| N OR(95% Cl) p>|z|
Age 1414 1.08(1.04,1.11) <0.001 1055 1.08(1.04,1.12) <0.001
Age group
70 and below 764 531

71to78 519 1.64(1.08,2.48) 0.02 416 1.61(1.01,2.56) 0.05

79to85 131 3.07(1.64,5.73) <0.001 108 3.13(1.6,6.12) 0.001
Region of residence

ER 359

GLR 1055 1.82(1.10,3.03 0.02 = - -
Sex

Female 744 549

Male 670 1.36(0.93,1.98) 0.11 506 1.35(0.89,2.04) 0.16
BMI (continuous) 1411 0.97(0.93,1.02) 0.21 1052 1(0.95,1.05) 0.96
BMI category

<30 1133 877

>30 278 0.57(0.33,1) 0.05 175 0.82(0.45,1.48) 0.51
Education

Less than a bachelor’s degree 606 414

Bachelor’s degree or higher 807 0.75(0.52,1.1) 0.14 641 0.72(0.48, 1.09) 0.12
Amyloid

Non-elevated 1032 774

Elevated 238 1.57(0.98,2.52) 0.06 189 1.43(0.86,2.38) 0.17
APOE 4

Non-carrier 576 462

Carrier 257 0.79(0.45,1.38) 0.41 191 0.57(0.30, 1.10) 0.10
APOE ¢4

Non-carrier 576 462

Heterozygous (2/¢4 or £3/¢4) 236 0.71(0.39,1.29) 0.26 176 0.51(0.25,1.03) 0.06

Homozygous 21 1.89(0.53, 6.66) 0.32 15 1.51(0.33,6.96) 0.60
Hypertension?

No 846 659

Yes 568 1.49(1.02,2.17) 0.04 396 1.88(1.24,2.84) 0.003
Type 2 diabetes

No 1326 992

Yes 88 1.43(0.72,2.85) 0.30 63 1.44(0.67,3.12) 0.35
Hypercholesterolemia

No 923 658

Yes 491 1.08(0.73, 1.6) 0.71 397 1.03(0.68, 1.58) 0.88

At least one cardiometabolic risk factor
No 706 503
Yes 708 1.19(0.82,1.74) 0.36 552 1.27(0.84,1.93) 0.26
Abbreviations: APOE, apolipoprotein E; BMI, body mass index; Cl, confidence interval; ER, Edinburgh region; GLR, Greater London Region; OR, odds ratio.

Bold values indicate statistical significance at p < 0.05.
aCardiometabolic risk factors: hypertension, type 2 diabetes, hypercholesterolemia, and BMI.
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TABLE 4 Multivariate models showing mutually adjusted risk factors for cerebral microhemorrhages. Table shows results of ordinal logistic
models using an ordinal category of number cerebral microhemorrhages (0, 1 to 3, 4+) as dependent variables and all risk factors shown as
independent variables in multivariable models. Results shown for total sample and Greater London Region (GLR) only and for samples with APOE

genotyping available.

Covariates
Total
Age (continuous)
Sex
Female
Male
BMI (continuous)
Region of residence
GLR
ER
Education
Less than a bachelor’s degree
Bachelor’s degree or higher
Amyloid
Non-elevated
Elevated
Hypertension
No
Yes
Type 2 diabetes
No
Yes
Hypercholesterolemia
No
Yes
With available APOE genotyping
Age (continuous)
Sex
Female
Male
BMI (continuous)
Region of residence
GLR
ER
Education
Less than a bachelor’s degree
Bachelor’s degree or higher
Amyloid
Non-elevated

Elevated

Total GLR
N OR (95% Cl),N = 1267 p>|z| N OR (95% Cl),N = 961 p>|z|
1267 1.06(1.02,1.1) 0.01 961 1.07(1.03,1.12) 0.002
667 499
600 1.41(0.92,2.15) 0.11 462 1.33(0.84,2.1) 0.22
1267 0.98(0.93, 1.03) 0.41 961 1(0.94, 1.05) 0.88
961
306 0.45 (0.24,0.84) 0.01 - -
535 373
732 0.64(0.42,0.98) 0.04 588 0.65(0.41,1.01) 0.06
1030 773
237 1.3(0.8,2.11) 0.30 188 1.19(0.7,2.03) 0.51
767 605
500 1.59(1.03,2.48) 0.04 356 1.81(1.13,2.92) 0.01
1189 903
78 1.18(0.53,2.61) 0.69 58 1.19(0.5,2.82) 0.69
831 601
436 0.8(0.51,1.27) 0.35 360 0.73(0.44,1.19) 0.21
OR (95% Cl), N = 802 p>|z| OR(95% Cl),N = 633 p>|z|
802 1.05(1,1.1) 0.04 633 1.05(1,1.11) 0.07
416 327
386 1.51(0.9,2.56) 0.12 306 1.56(0.89,2.74) 0.12
802 0.98(0.92, 1.04) 0.50 633 0.99(0.93, 1.06) 0.79
633
169 0.4(0.17,0.92) 0.03 - -
356 258
446 0.54(0.32,0.91) 0.02 375 0.53(0.3,0.92) 0.03
569 449
233 1.49(0.83,2.67) 0.19 184 1.49(0.79,2.78) 0.22

(Continues)
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TABLE 4 (Continued)

With available APOE genotyping

APOE ¢4
Non-carrier 553
Heterozygous (2/¢4 or £3/¢4) 230 0.62(0.32,1.21)
Homozygous 19 1.24(0.26, 6.03)

Hypertension
No 483
Yes 319 1.38(0.8,2.37)
Type 2 diabetes
No 752
Yes 50
Hypercholesterolemia
No 527

Yes 275

OR (95% ClI),N = 802 p>|z|

1.36(0.53,3.54)

0.75(0.42,1.34)

OR (95%CI),N = 633 p>|z|

447

0.16 172 0.47(0.22,1) 0.05

0.79 14 0.66(0.08,5.52) 0.70
389

0.25 244 1.79(1,3.19) 0.05
594

0.52 39 1.17(0.41,3.32) 0.76
397

0.33 236 0.63(0.34,1.17) 0.14

Abbreviations: APOE, apolipoprotein E; BMI, body mass index; Cl, confidence interval; ER: Edinburgh region; GLR, Greater London Region; OR, odds ratio.

Bold values indicate statistical significance at p < 0.05.

3.5 | Path analysis

Inthe SEM analysis, we posited that cardiometabolic measures (hyper-
tension, type 2 diabetes, hypercholesterolemia), BMI and AB status are
influenced by age, sex, APOE ¢4 status, and region of residence, which
may, in turn, influence CMHs prevalence.

To comprehensively present all pathways, a model incorporating all
examined cardiometabolic risk factors was developed. The results of
using maximum likelihood estimation to fit this model are shown in
Figure 1. In the overall dataset, the SEM indicated the influence of
APOE ¢4 status (none, heterozygous, homozygous) and age through
their effects on amyloid positivity.*3** The figure also highlights sig-
nificant pathways involving age (8 = 0.017, p < 0.001), sex (8 = 0.099,
p < 0.001), and region of residence (8 = 0.137, p < 0.001) on CMHs,
through their effects on hypertension (3 = 0.039, p = 0.03). Associa-
tions between variables along pathways are shown in Figure 1 (SEM for
the GLR in Figure S1).

3.6 | White matter hyperintensities and CMHs

WMH have been traditionally acknowledged as markers of cerebral
micro-vascular disease,*> and recent reports have suggested that they
may also be linked with amyloid pathologies.*® In the presence of
CMHs (N = 101), the area under the receiver operating characteris-
tic (AUROC) curve for the ARWMC rating scale in the left and right
parieto-occipital regions of WMH was 0.60 (95% Cl: 0.50, 0.70), sug-
gesting that a score of 1 or greater may help distinguish AS positivity.
At this cutoff, the sensitivity was 61.5%, the specificity was 53.3%, and
the Youden index was 0.15. For WMH in frontal lobes, the AUROC was
0.63(95% Cl:0.53,0.73), and a cutoff score of 2 or greater yielded sim-

ilar sensitivity and specificity values (69.2% and 54.7%, respectively),
with a Youden index was 0.24. In the absence of CMHs, the AUROC
curve showed no significant discriminatory power (Figure S2). The
parieto-occipital region (Median IQR): 0 (0, 2) versus 1 (0, 2), p < 0.001;
Wilcoxon rank-sum test), as well as the left and right frontal lobe and
parieto-occipital regions showed significantly higher ARWMC rating
scales in cases with CMHs present (left: 1 [0, 2] vs 1 [0, 2], p < 0.001;
right: 1 [0, 1] vs 1 [0, 2], p = 0.002), (n = 118/1412 [8.36%]). This
pattern remained consistent regardless of amyloid status. ARWMC
rating scales for five regions were evaluated to assess the potential
relationship between the regional distribution of WMH and the pres-
ence of CMHs, using Spearman’s partial rank correlations (adjusting for
age, sex, BMI, region of residence, education, APOE €4 genotype, amy-
loid status, hypertension, type 2 diabetes, and hypercholesterolemia;
Figure 2). The correlation magnitude between ARWMC rating scales of
the frontal lobe and CMHs presence was 0.04 (p = 0.15), and between
ARWMC rating scales of the parieto-occipital region and CMHs pres-
ence was 0.08 (p < 0.01), after adjusting for all covariates. Notably, the
left side of the merged frontal lobe and parieto-occipital region showed
amarginally higher correlation magnitude of 0.08 (p < 0.01) with CMHs
presence compared to the right side (0.06; p = 0.04).

3.7 | Other MRI abnormalities

Other MRl incidental abnormalities were detected in 3.9% of the scans.
These included meningiomas (n = 12), aneurysms (n = 4), lacunar
infarcts (n=5), other infarcts (n = 5), encephalomalacia (n = 8), vascular
malformations (n = 8), Chiari | malformations (n = 2), and other space-
occupying lesions (non-malignant) (n = 10). However, none of these
categories individually exceeded 1% of the total MRI scans (Figure S3).
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TABLE 5 Multivariate models showing mutually adjusted risk factors for cerebral microhemorrhages, stratified by age and sex.

IV L3 ONWYY

Age (continuous) - - - - 667 1.06(1,1.12) 0.07 600 1.05(1,1.11) 0.05

BMI (continuous) 696 0.95(0.87,1.03) 022 571 0.99(0.93,1.06) 0.88 667 0.95(0.89,1.02) 0.19 600 1(0.93,1.08) 0.95

Education
Less than a bachelor’s degree 267 268 298 237
Bachelor’s degree or higher 429 0.67(0.34,1.32) 0.25 303 0.63(0.37,1.08)  0.09 369 0.73(0.39,1.36) 0.32 363 0.58(0.33,1.03) 0.06

Hypertension
No 471 296 432 335
Yes 225 1.65(0.82,3.35) 0.16 275 1.57(0.89,2.79) 0.12 235 244(1.26,4.69) 0.01 265 1.1(0.6,2) 0.77

NOILVIOOSSY S.H3NWIFHZTVY IHL 40 TYNYNOr IHL

Hypercholesterolemia
No 487 344 472 359
Yes 209 0.52(0.22,1.22) 0.13 227 0.98(0.55,1.74)  0.94 195 1.11(0.57,2.17) 077 241 0.71(0.38,1.31) 0.27

Age (continuous) - - - - 416 1.05(0.98,1.12)  0.20 386 1.05(0.98,1.13) 0.14
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TABLE 5 (Continued)
With available APOE genotyping
BMI (continuous)
Region of residence
GLR
ER
Education
Less than a bachelor’s degree
Bachelor’s degree or higher
Amyloid
Non-elevated
Elevated
APOE ¢4
Non-carrier
Heterozygous (2/¢4 or £3/¢4)
Homozygous
Hypertension
No
Yes
Type 2 diabetes
No
Yes
Hypercholesterolemia
No
Yes

Notes: Table shows results of ordinal logistic models using an ordinal category of number of cerebral microhemorrhages (0, 1-3, 4+) as dependent variables and all risk factors shown as independent variables in

430

325
105

179
251

el
99

283
133
14

291
139

408
22

306
124

OR (95% Cl),
N =430

0.94(0.84,1.04)

0.35(0.1, 1.3)

0.47(0.19,1.17)

3.1(1.13,8.53)

0.33(0.1,1.1)
1.72(0.29,10.34)

1.06 (0.4,2.78)

3.31(0.56,19.71)

0.33(0.09, 1.16)

p>lz|
0.22

0.12

0.11

0.03

0.07
0.55

0.91

0.19

0.08

372

308
64

177
195

238
134

270

97

192

180

344
28

221
151

OR (95% Cl),
N=372

1(0.92,1.08)

0.42(0.14, 1.26)

0.56(0.29,1.07)

1.04(0.51,2.13)

0.8(0.35, 1.85)
0(0,NE)

1.49(0.75,2.98)

1.06(0.33,3.36)

0.91(0.45,1.83)

p>lz|
0.98

0.12

0.08

0.92

0.61
0.99

0.26

0.93

0.79

416

327
89

196
220

299
117

291

116

265

151

388
28

295
121

OR (95% Cl),
N=416

0.93(0.85,1.02)

0.4(0.11, 1.41)

0.66 (0.3, 1.44)

2.29(0.97,5.4)

0.66(0.25,1.76)
1.69(0.17,16.34)

2.01(0.89,4.51)

1.63(0.39, 6.74)

1.09 (0.46, 2.6)

p> 2|
0.13

0.15

0.30

0.06

041
0.65

0.09

0.50

0.84

386

306
80

160
226

270
116

262
114
10

218
168

364
22

232
154

OR (95% Cl),
N =386

1.02(0.93,1.11)

0.35(0.11,1.1)

0.47(0.23,0.96)

1.24(0.53,2.88)

0.56(0.22,1.42)
1(0.11,9.43)

1.01(0.48,2.14)

1.24(0.33,4.66)

0.64(0.29,1.4)

multivariable models. Results shown for total sample (Greater London and Edinburgh Regions) and those with APOE genotyping available, stratified by age (<70 years and >70 years) and sex.

Abbreviations: APOE, apolipoprotein E; BMI, body mass index; Cl, confidence interval; ER, Edinburgh region; GLR, Greater London Region; OR, odds ratio; NE, not estimable due to lack of model convergence. In
Table S2/53,0 (0, -) denotes the same.

Bold values indicate statistical significance at p < 0.05.

p> 2|
0.72

0.07

0.04

0.62

0.22
0.99

0.98

0.75

0.26
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FIGURE 1 Structural equation modeling (SEM) for study population (n = 1414). Red arrows show statistically significant associations, with
coefficients shown between variables on arrows. Goodness-of-fit indices were as follows: normal fit index (NFI) = 0.71; comparative fit index
(CFl) =0.70; root means square error (RMSE A) = 0.10; Akaike information criterion (AIC) = 337; (CFl) = 0.70.

4 | DISCUSSION

In this cohort of CU adults, with a mean age of 71.1 (5.3), residing
in either London or Edinburgh and screened for CPSS, the overall
prevalence of CMHs was 8.3%, while SS was present in only 1.3% of
participants.

Previous studies on the prevalence of CMHs showed varied results.
The Austrian Stroke Prevention Study observed a 6.4% CMHs preva-
lence among 280 participants (mean age of 60),*” while the Fram-
ingham study observed a 4.7% CMHs prevalence in a subset of 472
participants with a mean age of 64.4 and 8.8% in a larger group (1965
participants) with a mean age of 65.5 years.*84? Furthermore, the
AGES-Reykjavik study reported a CMHs prevalence of 11.1% among
participants with a mean age of 76 years.”° Further variability was
observed in the Mayo Clinic Study of Aging, which reported a 22.6%
prevalence (mean age 74.1),°! the updated Rotterdam study at 15.3%
(mean age 60.3),%> the A4 study at 15.3% in 1250 AB+ (mean age
72.02) and the LEARN study at 8% in 538 AB— participants (mean age
70.53).29 In two multicenter studies involving participants across the
AD continuum, CMHs prevalence in the CU groups was reported as
23% (mean age 73) in the ADNI study, and 21.6% (mean age 74.2) in
the AIBL study.2>26

Variability in CMHs prevalence rates across studies may stem from
different population sizes and characteristics - particularly age or dif-
ferent selection criteria in anti-amyloid clinical trials. The design of this
industry sponsored study, including the screening exclusionary criteria,
and demographic characteristics of the CU participants may account
for the lower prevalence of CMHs, compared to other observational

studies. Other factors affecting results may include variations in MRI

methodologies, such as technical parameters of brain image acquisition
and analysis, or differences in equipment, for example, magnetic field
strength.

Age showed a significant association with the presence and num-
ber of CMHs, consistent with previous reports.333548-50 Among the
cardiometabolic risk factors, hypertension was significantly associ-
ated with CMHSs presence in the total sample, in line with prior
literature.33>2-54 |n our study, the association between hypertension
and CMHs was marked in females.

Amyloid positivity was identified as a risk factor in individuals aged
<70, after adjusting for APOE ¢4 status. A multivariate subgroup anal-
ysis showed higher odds of CMHs in those aged <70 with amyloid
positivity but not in those aged >70, although small sample sizes
weakened statistical power. Interaction analyses further supported
the role of amyloid positivity as a risk factor in younger individu-
als, with the association being more pronounced in the subset with
available APOE genotyping and strengthened after adjustment for
APOE &4 status. Differences may be attributed to the higher preva-
lence of amyloid positivity among the participants with available APOE
genotype data compared to the entire cohort due to their selec-
tion process. In the A4 and LEARN studies (only including A+ CU
participants in the former and AB— in the latter), the prevalence of
CMHs was much higher among AB+ (compared to AB— participants),
with 2% of the AB+ having 4 or more CMHs compared to 0% in
the AB— group.®° In contrast, the Amyloid Biomarker Study group
found no significant link between CMHSs and amyloid pathology in CU
individuals, although an age-dependent relationship was noted in cog-
nitively impaired patients.>> Previous reports also suggested that the

topographic distribution of CMHs may be related to the underlying
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FIGURE 2 Spearman’s partial rank correlation heatmap showing correlations of number of CMHs and WMHs in various brain regions
(N =1412). Adjusted for age, sex, BMI, region, education, APOE £4 genotype, amyloid, hypertension, type 2 diabetes, hypercholesterolemia.

pathologies, such as cerebral amyloid angiopathy (CAA) and hyper-
tensive vasculopathy,” and that areas with high amyloid burden may
be prone to CAA-related microhemorrhages.”® The ARIC-PET study
demonstrated that lobar-only CMHs are strongly associated with cor-
tical brain amyloid load in a community-based CU sample.’*°> The
MCSA study highlighted a strong association between global amyloid
burden and CMHs odds and location, suggesting potential differences
in underlying pathophysiology based on CMHs location.33

In our analyses, among those with APOE data, 18 out of 69 partici-
pants with CMHSs were carriers of at least one ¢4 allele, with APOE ¢4
carrier status being slightly more prevalent in the CMHSs 4+ group rel-
ative to the non-carrier group. The relatively lower rates of APOE ¢4
homozygosity observed within our total cohort may be related to the

sample size or could be attributed to homozygous participants being

more likely to meet exclusion criteria. However, the prevalence of APOE
¢4 homozygosity (2.5%), in the genotyped group, is in line with previ-
ously reported prevalence rates.>” The relationship between APOE ¢4
and CMHs is complex and varies across studies. The extended Framing-
ham Heart study found an association between the presence of APOE
¢4 and an increased risk of lobar CMHs.*? In a cohort from the Rotter-
dam study that underwent a follow-up MRI scan (mean interval of 3.4
years), this association was observed primarily in APOE ¢4 homozygous
individuals.>®5? In the same study, the younger group (average age of
60) showed a consistent association between APOE €4 and CMHs.3> In
the A4/LEARN studies, the presence of one APOE ¢4 allele did not sig-
nificantly affect CMHs presence, but APOE ¢4 homozygosity increased
the odds in the Ag+ group.2® Conversely, the MCSA study found no
association between APOE and CMHs.33
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Based on our SEM analysis, APOE ¢4 status may contribute to CMHs
through its effect on amyloid burden. Similarly, findings from the ADNI
study suggested that the risk of developing CMHs for APOE &4 carri-
ers was mediated by Ag load.?> Previous reports found an association
between APOE ¢4 and increased cortical and vascular Ag deposition,
such that APOE ¢4 is considered a risk factor for sporadic AD and
CAA.C061 |n CAA, the vascular wall integrity is compromised, creating
preferential sites for developing CMHs,>¢ especially in those receiving
anti-amyloid immunotherapies.®? In anti-amyloid immunotherapy clin-
ical trials involving cognitively impaired patients in early clinical stages,
the presence of the APOE ¢4 allele was considered as a risk factor for
developing both ARIA-H and ARIA-E. 26263

Our finding that a higher educational attainment level (bachelor’s
degree and above) has a protective effect against CMHs is intrigu-
ing. Higher educational level may represent an indicator of a more
advantageous socioeconomic status, potentially leading to better liv-
ing conditions and reduced exposure to harmful environmental factors.
Additionally, individuals with higher educational levels are reported to
engage less in unhealthy behaviors such as smoking, unhealthy diet,
and lack of exercise, known contributors to cardiovascular issues.®*
Although it has been reported that individuals with lower educa-

65 we found

tional levels exhibit a higher prevalence of hypertension,
the association between education and CMHs to be independent of
hypertension and other risk factors tested. Recent data on dementia
incidence trends have shown that the lower educational attainment
group had a sharper increase in incidence over the last decade (2008
t02019).20

It has been suggested that the spatial distribution of WMHs may
reflect different etiological mechanisms underlying their occurrence,
with anterior WMH potentially related to microvascular pathology,
while posterior WMHs potentially related to amyloid pathology.®¢ In
our study, we observed a marginally significant association between
ARWMC score and CMHs in both parieto-occipital regions and the
merged left frontal and parieto-occipital lobes. However, the small
number of observed WMH lesions does not allow for a meaningful
conclusion.

Recent reports suggest that cortical and parenchymal plaques
primarily consist of insoluble AB4, peptide aggregates, while AB4o
aggregates may form the predominant amyloid species deposited in
vascular walls in CAA.67-72

In this study, we employed multiple analytic methodologies to
validate outcomes for cross-sectional data, including univariate and
multivariate regression models, and SEM. Adjustments were made
for sociodemographic and clinical exposures, including A and APOE
genotyping, which may influence both the exposures and MRI
outcomes.”374 Admittedly, statistical models often face inherent chal-
lenges to fit complex data in clinical research, and these findings
warrant further studies with longitudinal follow-up data. Furthermore,
there is a need for greater harmonization of imaging methodologies
and CMHs identification criteria that would enable pooled analyses
and potentially reliable automated algorithms.”> Additionally, research
focusing on the cerebral distribution patterns of CMHs and their rela-

tionship to specific AB species deposition could enhance understanding

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

of ARIA genesis and associated risk factors. These may provide valu-
able insights into developing predictive and diagnostic tools for CMHs,
enabling more precise identification of CU older adults at higher
risk for developing ARIA-H and ARIA-E and in the discovery and
development of novel anti-amyloid agents differentially targeting AS
disease-related species.

Our study has several limitations. The absence of significant ethnic
and cultural diversity, which is not uncommon in cohort studies of this
nature, may indeed limit the generalizability of results. Future stud-
ies involving more diverse populations are warranted to confirm and
extend our findings. As our analysis was cross-sectional, the longitudi-
nal natural history and effect of CMHSs and SS over time, on cognitive
and amyloid, tau, and neurodegeneration, as per the “ATN framework,”
biomarker trajectories or with potential downstream cerebrovascu-
lar events were not included. Although we have observed consistency
across subgroups and analyses, the multiple hypotheses tested carries
the risk of false-positive findings, and therefore caution is warranted in
their interpretation.

APOE &4 status was only available in 833 participants during the
screening stages of the study. The rate of APOE ¢4 homozygosity was
relatively low in our CU cohort. Furthermore, we could not assess
interrater reliability testing for the MRI assessments, although quali-
fied and experienced central neuroradiologists conducted the imaging
evaluations.

In conclusion, our results confirm previous research identifying
increasing age and hypertension as significant risk factors for the pres-
ence of CMHs. AB positivity was a risk factor only among individuals
aged up to 70, particularly upon adjustment for APOE ¢4 status. Asso-
ciations between hypertension and CMHs were more pronounced
among women, while higher educational attainment was shown to play
a protective role.
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