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Abstract

Background and Objectives

Cerebral hemorrhages are an exclusion criterion and potential adverse effect of antiamyloid agents.
It is, therefore, critical to characterize the natural history of cerebral microbleeds in populations
genetically predisposed to Alzheimer disease (AD), such as Down syndrome (DS). We aimed to
assess microbleed emergence in adults with DS across the AD spectrum, defining their topography
and associations with clinical variables, cognitive outcomes, and fluid and neuroimaging biomarkers.

Methods

This cross-sectional study included participants aged 18 years or older from the Down-
Alzheimer Barcelona Neuroimaging Initiative and Sant Pau Initiative on Neurodegeneration
with T1-weighted and susceptibility-weighted images. Participants underwent comprehensive
assessments, including apolipoprotein E (APOE) genotyping; fluid and plasma determinations
of beta-amyloid, tau, and neurofilament light; cognitive outcomes (Cambridge Cognitive Ex-
amination and modified Cued Recall Test); and vascular risk factors (hypertension, diabetes
mellitus, and dyslipidemia). We manually segmented microbleeds and characterized their
topography. Associations between microbleed severity and AD biomarkers were explored using
between-group comparisons (none vs 1 vs 2+) and multivariate linear models.

Results

We included 276 individuals with DS and 158 healthy euploid controls (mean age = 47.8 years,
50.92% female). Individuals with DS were more likely to have microbleeds than controls (20% vs
8.9%, p < 0.001), with more severe presentation (12% with 2+ vs 1.9%). Microbleeds increased
with age (12% 20-30 years vs 60% > 60 years) and AD clinical stage (12.42% asymptomatic, 27.9%
prodromal, 35.09% dementia) were more common in APOEe4 carriers (26% vs 18.3% noncar-
riers, p = 0.008), but not associated with vascular risk factors (p > 0.05). Microbleeds were
predominantly posterior (cerebellum 33.66%; occipital 14.85%; temporal 21.29%) in participants
with DS. Associations with microbleed severity were found for neuroimaging and fluid AD
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Glossary

AD = Alzheimer disease; ANT = Advanced Normalization Tool; CAA = cerebral amyloid angiopathy; CAMCOG-DS =
Cognitive Examination for Older Adults with Down Syndrome; DS = Down syndrome; ID = intellectual disability; mCRT =
modified Cued Recall Test; ROI = regions of interest; SPIN = Sant Pau Initiative on Neurodegeneration; TIV = total
intracranial volume; WMH = white matter hyperintensity.

biomarkers, but only hippocampal volumes (standardized p = —0.18 [-0.31, -0.06], p < 0.005) and CSF p-tau-181 concentrations (f
=0.26 [0.12,0.41], p < 0.005) survived regression controlling for age and disease stage, respectively. Microbleeds had limited effect
on cognitive outcomes.

Discussion
In participants with DS, microbleeds present with a posterior, lobar predominance, are associated with disease severity, but do
not affect cognitive performance. These results suggest an interplay between AD pathology and vascular lesions, implicating

microbleeds as a risk factor limiting the use of antiamyloid agents in this population.

Introduction

In Down syndrome (DS), the triplication of the amyloid
precursor protein (APP; OMIM 104760) gene is both nec-
essary and sufficient for the emergence of Alzheimer disease
(AD) pathology." Beta amyloid (AB) accumulation starts in
adolescence, and virtually all individuals with DS have the
neuropathologic hallmarks of AD at age 40.> AB can also
aggregate within the walls of leptomeningeal and cortical
vessels, causing cerebral amyloid angiopathy (CAA).? This
phenomenon, more frequent in individuals with DS than in
sporadic AD or healthy ageing,** weakens the vessel walls and
results in ruptures that leak blood into the parenchyma.’ This
manifests on MRI as small hypointense foci on susceptibility-
weighted images (SWIs) called microbleeds.®

Microbleeds have different topography according to their aeti-
ology. Hypertension preferentially affects arteries in deep areas
(basal ganglia, thalamus, and brainstem) and causes deep
microbleeds. CAA preferentially affects small arteries and arteri-
oles in lobar areas (cerebral cortex, gray-white matter junctions)
which leads most often to lobar microbleeds.” Antiamyloid agents
can also cause microhemorrhages, known as amyloid-related
imaging abnormalities with hemosiderosis/microhemorrhages
(ARIA-H).® These lesions closely resemble the typical micro-
bleeds occurring outside the context of amyloid removal and can
lead to increased monitoring requirements, suspension, or even
discontinuation of treatment. With the arrival of antiamyloid
monoclonal antibodies in clinical practice, it is critical to metic-
ulously characterize the natural history of cerebral microbleeds in
populations that will directly benefit from the treatment, partic-
ularly those individuals genetically predisposed to develop AD.

To date, only a few studies have assessed microbleeds in
adults with DS and detected these lesions as early as the fifth
decade of life,” and at higher frequency than in healthy con-
trols® or sporadic AD.* However, little is known about the
topography of microbleeds in individuals with DS and their
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associations with CSF biomarkers and cognitive measures.
Using one of the largest cohorts with multimodal AD bio-
markers, this study aims to provide a comprehensive assess-
ment of microbleeds, their relationship with AD biomarkers
and cognitive outcomes, and their topography.

Methods

Cohort Study Design and Participants

This cross-sectional study included adults with DS from the
single-center Down-Alzheimer Barcelona Neuroimaging Initia-
tive (DABNI) and cognitively unimpaired euploid controls from
the Sant Pau Initiative on Neurodegeneration (SPIN). DABNI
participants are aged 18 years or older with trisomy 21, and
SPIN includes control participants without memory complaints
or impairment on global cognitive tests, confirmed by com-
prehensive neuropsychological examination.'® In both, partici-
pants must be able to complete neuropsychological tests and are
proposed to undergo MRI, blood draw, and lumbar puncture.
The presence of major neurologic or psychiatric diseases is an
exclusion criterion.'® In this study, we included only participants
with brain 3T T1-weighted and susceptibility-weighted (SWI)
magnetic resonance imaging (MRI). A subset of individuals
completed genetic screening for APOE genotype (n = 262) and
collection of vascular risk factor (VRF) data (hypertension,
dyslipidemia n = 272, and diabetes mellitus n = 271).'>""

Diagnostic classification was performed independently by the
neuropsychologists and neurologists/psychiatrists assessing
participants and discussed during consensus meetings masked to
biomarkers. Functional status, differentiating prodromal, and AD
dementia were assessed using anamnesis, Dementia Question-
naire for Persons with Mental Retardation, and the CAMDEX-
DS." This distinguished cognitive decline from preexisting in-
tellectual disability (ID), with emphasis on establishing change
from the individual’s best level of functioning. A diagnosis of
‘asymptomatic’ (aDS) was given when there was no clinical or
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neuropsychological suspicion of clinical AD (absence of cogni-
tive impairment beyond ID or functional decline compared with
previous functioning); ‘prodromal AD’ (pDS) for suspicion of
AD, but with symptoms not fulfilling criteria for dementia
(cognitive impairment without functional changes); or ‘AD de-
mentia’ (dDS) for evidence of cognitive impairment beyond
ID, interfering with everyday activities (ie., functional decline
compared with previous functioning). The Diagnostic and Sta-
tistical Manual of Mental Disorders, Fifth Edition, was used to
stratify the level of ID (mild, moderate, severe/profound)
based on individuals’ best-ever level of functioning."®

Individuals with DS underwent cognitive testing, which in-
cluded the Cognitive Examination for Older Adults with
Down Syndrome (CAMCOG-DS),"> which assesses orien-
tation, language, memory, attention, praxis, abstract thinking,
and perception in the context of aging. In addition, the
modified Cued Recall Test (mCRT)"* was used to evaluate
episodic memory. Both tests are adapted for people with ID
and validated in the Spanish population. In this study, we used
the total CAMCOG-DS score and both the immediate and
delayed recall of the mCRT (sum of the free and cued per-
formances for each). To account for the effect of ID on
cognitive performances, we excluded severe/profound cases
to prevent floor effects and used a z-transformation on each
test in mild and moderate ID groups separately.

Image Acquisition Protocol

All participants underwent an MRI imaging protocol at
Hospital del Mar (3T Philips-Achieva scanner) or Hospital
Clinic (3T Siemens-Prisma), including high-resolution three-
dimensional T1-weighted, SWI, and fluid attenuated in-
version recovery (FLAIR) sequences. Acquisition protocols
are detailed in eTable 1.

Image Processing and Segmentation

Using the Computational Anatomy Toolbox (CAT12),'?
T1-weighted MRIs were preprocessed and total gray matter
volume, total intracranial volume (TIV), and bilateral hip-
pocampal volumes (using the Hammers atlas)'® were
extracted. FLAIR images were coregistered to their corre-
sponding T1-weighted image using Advanced Normalization
Tools (ANTS; v. 2.3.4),"” and white matter hyperintensity
(WMH) volumes were segmented using the Lesion Pre-
diction Algorithm (LPA)"® implemented in the Lesion Seg-
mentation Toolbox'® for SPM12. SWI scans were N4 bias
field corrected using ANTSs and coregistered to their corre-
sponding T1-weighted image. Microbleed segmentation on
the SWIs involved a rigorous protocol with ITK-SNAP (v.
3.8.0)*° developed in consultation with a neuroradiologist
(M.A.), wherein raters traced the lesions to create 3D maps
for each brain scan. Two independent raters (S.Z. and LA.)
were trained to identify and segment the hypointense spots
while blinded to clinical data and other MRI sequences. Visual
inspection of the corrected and coregistered SWI scans was
completed at the same time. Two images were discarded
because of movement artifacts. Two participants, including
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one previously described,>" were removed because of exten-
sive confluent hemorrhages, that is, when bleeds were not
round and isolated, therefore suggesting the possibility of
macrobleeds or other lesion source. Raters achieved an
interrater reliability of 92.9%, with a quadratic weighted kappa
coefficient of 0.796, or substantial agreement according to
benchmarks by Landis and Koch.** Disagreements were re-
solved with assistance of the neuroradiologist who visually
inspected the scan and used other MRI sequences if required
to discard microbleed mimics. Results showed the SWI se-
quences allowed detection of microbleeds of just under 2 mm
and above (mean size = 3.8 + 1.06 mm, range = 1.9-8.4 mm).
Opverall microbleed number per subject was recorded, and the
segmentation resulted in a binary lesion map, allowing quanti-
fication of regional microbleeds. Specifically, we determined the
number of microbleeds in frontal, temporal, occipital, parietal,
and cerebellum regions of interest (ROIs), defined using the
Neuromorphometrics (Neuromorphometrics, Inc),
implemented in CAT12. To compare results with previous work,
we also determined the number of microbleeds in 4 patterns:
strictly lobar, strictly deep, mixed (deep and lobar), and cere-
bellum (with or without lobar microbleeds). Detailed in-
formation about all ROIs is provided in eTable 2.

atlas

Participants were classified according to the presence of
[microbleed negative (microbleed-)
microbleed positive (microbleed+)] or severity (0 micro-
bleed, 1 microbleed, and 2+ microbleeds), which is the same
as severity ratings used in previous research.”>>* Although
some research has used different severity classifications, this is
the most frequent and is based on evidence for a different
phenotype for individuals with multiple microbleeds, typically
associated with CAA.%*

microbleeds and

Finally, to visualize the topographic pattern of microbleed,
segmented maps were normalized into Montreal Neurologic
Institute (MNI) space using normalization parameters of the
T1-weighted image. Microbleed normalized maps were then
summed together separately for euploid controls and patients
with DS, as well as by severity and AD status in the DS
population.

Fluid Biomarkers

A subset of individuals with DS and control participants un-
derwent CSF acquisition by lumbar puncture as previously
described."®"" Concentrations of CSF amyloid B peptide (AB1-
49) and 1-42 (AP1-4,), total tau (t-tau) and tau phosphorylated
at threonine 181 (p-tau-181), were quantified using a com-
mercially available immunoassay on a fully automated platform
(Lumipulse; Fujirebio, Europe) following a previously pub-
lished protocol.'® CSF neurofilament light chain (NfL) levels
were measured with ELISA (NFLight Assay; UmanDiag-
nostics) according to the manufacturer recommendations.

Statistical Analysis
All statistical analyses were conducted with the R software,
version 4.0.4 (R Foundation for Statistical Computing).
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Differences in baseline characteristics were analyzed using x>
tests (or Fisher exact tests, when appropriate) for categorical
data. When comparing age, decade age groups were created for
the DS group (20s, 30s, etc), while euploid controls were
treated as one age group. For continuous variables with normal
distribution, 2-sample t-tests (unpaired, 2-tailed) or ANOVA
was applied. Mann-Whitney tests or Kruskal-Wallis tests were
used when normality assumptions were violated. x” tests were
used to assess the effect of microbleed severity on demographic,
clinical, and genetic biomarkers. Additional Kruskal-Wallis tests
examined the influence of microbleed severity on neuro-
imaging biomarkers, CSF, and cognitive outcomes. Total gray
matter and bilateral hippocampal volumes, divided by TIV,
were included as neuroimaging biomarkers of AD neuro-
degeneration. To control the influence of demographic data, we
repeated analyses comparing a group of microbleed+ individ-
uals with DS with a 1:1 group of microbleed— individuals with
DS matched for age, sex, and ID using the e1071 R package. We
additionally used a sensitivity analysis to assess the effect of
microbleed status (microbleed—/microbleed+) on AD neuro-
imaging biomarkers, CSF and cognitive performances using
linear regression analyses. We first performed univariate mod-
els, and then regressed out age (model 2) and Alzheimer di-
agnosis (model 3). The threshold for significance was set at
0.0S, and Bonferroni corrections were applied for multiple tests.

Standard Protocol Approvals, Registrations,
and Patient Consents

Both DABNI and SPIN were approved by the Sant Pau Ethics
Committee following the standards for medical research in
humans recommended by the Declaration of Helsinki, and all
participants, or their legally authorized representatives, gave
written informed consent before enrolment.

Data Availability

The authors may share deidentified, individual participant-
level data underlying the reported results. Data will be avail-
able on request detailing study hypotheses and statistical
analysis plan. The authors will discuss all requests and decide
based on the novelty and scientific rigor of the proposal
whether data sharing is appropriate. All requests should be
sent to the corresponding author. Applicants will be asked to
sign a data access agreement.

Results

Characteristics of Study Participants

This study included 276 adults with DS and 158 controls (for
details on demographic data, see Table 1). Individuals with
DS spanned the whole AD continuum; 161 were aDS, 43
pDS, and 57 dDS. The control group (median age [inter-
quartile range], 56.6 [51.2-63.1]) was significantly older than
the DS group (45.7 [37.3-50.9], p < 0.001) and included a
greater proportion of women (67.1% vs 41.7%, p < 0.001). No
between-group difference was found in the proportion of
APOE¢#4 allele carriers (27.2% controls, 19% DS, p = 0.065) or
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diabetes mellitus (4.4% controls and DS), but a higher pro-
portion of controls presented with hypertension (16.5%
controls, 2.6% DS) and dyslipidemia (25.9% controls, 17.3%
DS, p < 0.001).

Associations With Demographic and

Clinical Factors

The number and severity of microbleeds differed significantly
between participants with DS and controls (20% individuals with
DS, 8.9% controls, p < 0.001). In individuals with DS, microbleed
numbers significantly increased with age (Figure 1A), with 12%
having 1 or more microbleeds in their 20s vs 60% of individuals
older than 60. The proportion of controls with microbleeds
(8.9%) was not significantly different from that of individuals
with aDS (12.42%; p = 0.5), but the proportion was progressively
increased with advancing AD clinical stage, from aDS to pDS
(27.9%; p < 0.0S), and nonsignificantly from pDS to dDS
(35.09%; p = 0.3S; Figure 1B). Following exclusion criteria used
in recent AD clinical trials, 6% of the cohort of individuals with
DS, including 7% at the prodromal and 12% at the dementia
stages, had >4 microbleeds and would be excluded. These par-
ticipants had higher amyloid, tau, and neurodegeneration mea-
sures, with worse cognitive scores (eTable 3), thus would
otherwise fulfill criteria for inclusion in AD clinical trials. In
individuals with DS, number and severity of microbleeds did not
differ according to sex (Figure 1B) or ID (Figure 1C), but was
higher for APOE€4 carriers, because 26% had microbleeds, and
of these, 92.3% had 2+ microbleeds compared with noncarriers,
18.3% of which had microbleeds, 51.3% with 2+ microbleeds (p
= 0.007; Figure 1E). Higher frequency or severity was not ob-
served for individuals with hypertension (microbleeds in 14.3%;
0% with 2+ microbleeds) compared with those without hyper-
tension (20.8%; 12.1% 2+). This was similar in individuals with
diabetes mellitus (25%; 8.3% 2+) compared with those without
(19.7%; 12% 2+), and with dyslipidemia (25.5%; 15% 2+) vs no
dyslipidemia (18.7%; 12% 2+; all p > 0.05). Analyses using
microbleed presence (microbleed—/microbleed+) rather than
microbleed severity demonstrated the same associations

(eFigure 1).

Location of Microbleeds

To characterize the topography of microbleeds, we analyzed
the location of microbleeds in all participants. Microbleeds
were dispersed in controls (Figure 2A) but had an ante-
roposterior gradient in adults with DS. Microbleeds pre-
dominated in the cerebellum (33.66%), occipital (14.85%),
and temporal (21.29%) regions. This pattern was apparent
and consistent along the AD continuum (Figure 2C). We
should note that while 23 adults with DS presented with
cerebellar microbleeds, 2 participants accounted for more
than 50% of these (38 of 68). These participants did not have
the presence of VRFs and both were APOE€3 homozygotes,
and when removed, patterns remained highly similar
(eFigure 2).

When separated by pattern, strictly lobar microbleeds were
common in both controls (68.42%, n = 13) and DS (37.25%,
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Table 1 Baseline Demographic Characteristics

Characteristics Controls N = 158 Down syndrome N = 276 p Value N
Age 56.6 [51.2; 63.1] 45.7 [37.3; 50.9] <0.001
Female (%) 106 (67.1) 115 (41.7) <0.001
Intellectual disability, n (%)

Mild — 78 (28.7) —

Moderate — 150 (55.1) —

Severe/profound — 44 (16.2) —
APOE«4 carriers, n (%) 43(27.2) 50 (19.0) 0.065
Microbleeds, n (%) 0.005

0 144 (91.9) 221 (80.1) —_

1 11 (7.0) 22 (8.0) —

2+ 3(1.9 33(12.0) —
Alzheimer disease clinical stage, n (%)

Asymptomatic AD — 161 (61.7) —

Prodromal AD — 43 (16.5) —

AD dementia — 57 (21.8) —
Vascular risk factors, n (%)

Hypertension 26 (16.5) 7 (2.6) <0.001 387

Diabetes mellitus 7 (4.4) 12 (4.4) <0.001 386

Dyslipidemia 41 (25.9) 47 (17.3) <0.001 387
CAMCOG total score — 68.0 [52.0; 82.0] — 233
mCRT immediate recall total score — 34.0[29.0; 36.0] — 188
mCRT delayed recall total score — 17.0[11.0; 20.0] — 195
CSF ABi1-42/AB1-40 ratio 0.10[0.10; 0.11] 0.06 [0.04; 0.08] <0.001 284
CSF PTau, pg/mL 35.1[26.3; 43.7] 48.9 [23.5; 120.3] 0.002 284
CSF Tau, pg/mL 256.0 [192.0; 306.5] 373.0[213.5; 697.5] <0.001 285
CSF NfL, pg/mL 369.9 [307.2; 534.7] 523.0 [305.2; 814.5] <0.001 307

Abbreviations: AD = Alzheimer disease; APOEe4 = apolipoprotein epsilon 4; CAMCOG = Cambridge Cognitive Examination (modified for Down syndrome);
mCRT = modified cued recall test; NfL = neurofilament light chain; PTau = phosphorylated tau 181.

Values are n (%) or median [IQR].

n =76), while 59.80% of microbleeds were cerebellar (with or
without the presence of lobar MBs) in individuals with DS. In
both individuals with DS and controls, strictly deep (5.26%;
0.49%, respectively) and mixed deep and lobar (5.26; 2.45%)
microbleeds were rare (eTable 4).

Associations With Imaging and Fluid

Biomarkers and Cognitive Outcomes

In participants with DS, increased microbleed severity was asso-
ciated with increased WMH volume (X2 [2, N = 274] = 14.87),
decreased hippocampal (X2 [2, N =276] = 18.11) and total gray
matter volumes (x” [2, N = 274] = 15.01), lower CSF AB1-s2/AB -0
ratio (x* [2, N = 178] = 18.88), and higher concentrations
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of CSF p-tau-181 (x* [2, N = 178] = 15.68) and NfL (x” [2,
N =274] =15.75) (all p < 0.001; Figure 3, A-F). The effect
of microbleeds on these measures evolved gradually, but
significant differences were mainly observed between the 0 and
2+ microbleed subgroups. Although not surviving Bonferroni
correction, individuals with higher microbleed severity ten-
ded to demonstrate worse performance on the immediate
mCRT scores (x* [2, N = 188] = 7.67, p = 0.02) but not for
the CAMCOG (X2 [2, N =233] = 335, p = 0.19) or delayed
mCRT scores (X2 [2,N=195]=3.57, p = 0.17; Figure 3, G-I).

Given that microbleeds increased with age and AD clinical
stage in participants with DS, we conducted 2 additional

Neurology | Volume 103, Number4 | August 27,2024
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Figure 1 Associations Between Microbleed Severity and Demographic, Genetic, and Clinical Factors

A. Age groups (years)
X2(10, n = 428) = 50, p <0.001

B. Alzheimer disease stage
X2 (6, n =419) = 44.09, p < 0.001
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Bar charts representing the proportion of patients by microbleed severity (0, 1, 2+) across demographic, genetic, and clinical factors: In Down syndrome and
controls, (A) age in Down syndrome vs controls and (B) Alzheimer disease stage. In Down syndrome only, (C) sex, (D) intellectual disability, (E) APOEe4, (F)
hypertension, (G) diabetes mellitus, and (H) dyslipidemia. APOEe4 = apolipoprotein E epsilon 4; ¢4-/+ = APOEe4 noncarrier/carrier.

analyses to establish the specific effect of microbleeds on AD
biomarkers and cognition. First, we repeated the previous
between-group approach and compared DS microbleed+ with
a 1:1 DS microbleed— group matched for age, sex, and ID.
There was a loss of statistical significance of group differences
for all measures (all p > 0.0S; eFigure 3). Second, we
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performed regression analyses controlling for age and AD
diagnosis in the whole cohort of individuals with DS
(Figure 4). After Bonferroni correction, regressing out the
effects of age (model 2), the presence of microbleeds only
remained significantly associated with reduced hippocampal
volume (standardized p = —0.18,95% CI [-0.31 to —0.06], p <
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Figure 2 Topography of Microbleeds
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Rendered MNI space images in MRIcron with overlaid
summed maps of microbleeds in (A) all controls (green) and
(B) Down syndrome (red); (C) Down syndrome by Alzheimer
disease clinical stage (asymptomatic = yellow, prodromal =
blue, dementia = orange). Transparency denotes depth of
microbleed, where lighter microbleeds are deeper in the
brain parenchyma.

0.005) and CSF p-tau-181 (B = 0.29, [0.14-0.44], p < 0.005).
When regressing out Alzheimer diagnosis (model 2), only the
association with CSF p-tau-181 was retained (B = 0.26,
[0.12-0.41], p < 0.005).

Discussion

This study analyses microbleeds in a large cohort of individ-
uals with DS. We explored the number and topography of
microbleeds, and associations with demographic, clinical,
genetic, fluid biomarkers, neuroimaging, and cognitive out-
comes. Microbleeds were more prevalent in participants with
DS, rose steadily with age starting from 40 years old, and with
clinical stage, and were increased in individuals with DS who
were APOEg4 allele carriers. They predominated in the cere-
bellum and posterior regions and showed associations with AD
fluid and imaging biomarkers, especially with hippocampal vol-
umes and CSF p-tau-181 concentrations. Together, these results
offer valuable insight into the natural course of microbleed de-
velopment in individuals with a genetically determined form of
AD caused by early and rapid amyloid accumulation.

Individuals with DS had a higher microbleed number than
controls, and number and severity in participants with DS
increased considerably with age and AD clinical stage. Age can
be considered as an index of AD disease severity because
virtually all individuals with DS are genetically pre-
determined to develop early onset AD' (mean symptom
onset = 53.8 years).26 Previous studies in cohorts with DS
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have indicated increased microbleeds with an advanced AD
clinical stage.4’9 The number of microbleeds in controls and
aDS was similar despite age differences in these 2 pop-
ulations, while the largest increase in microbleeds was from
aDS to pDS, which is in line with previous findings in indi-
viduals with DS.® In autosomal dominant and sporadic AD,
microbleeds also increased with age and clinical st21ge:,4’24’27
with a gradient of increased microbleeds from controls to
mild cognitive impairment, and a further increase for indi-
viduals with dementia.

In participants with DS, the APOEe4 allele carriers had a
higher number of microbleeds. This is in line with findings
from a meta-analysis in the general population, showing that
individuals with at least 1 allele are 1.34 times more likely to
develop microbleeds.”® The APOEg4 allele has previously
been associated in mice with an increased fragility of the
cerebral small vessels, resulting in leakage of blood into the
parenchyma.” Similarly, in humans, APOEe4 has been as-
sociated with brain-blood barrier breakdown, independent of
amyloid.*® In individuals with DS, APOE&4 has been related
to earlier symptom onset, age at death, and AD biomarker
abnormalities.>' In the context of antiamyloid antibody
treatment trials, individuals with APOEe4 alleles demon-
strated a higher risk of ARIA-H, likely due to the implication
of APOEe4 in accumulation of fibrillar AP in the cerebral
vasculature.® Understanding whether the observed effect of
APOEg4 on microbleeds is mediated by AD pathologic pro-
cesses and/or brain-blood barrier breakdown is, therefore,
crucial for risk assessment for treatment trials.

Neurology | Volume 103, Number4 | August 27,2024

€209676(7)


http://neurology.org/n

Figure 3 Effect of Microbleed Severity on Imaging and Fluid Biomarkers of Alzheimer Disease, and Cognitive Performance
in Individuals With Down Syndrome
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No significant differences in severity or number of micro-
bleeds were observed in association with sex. This is consis-
tent with previous observations in individuals with DS and
autosomal dominant AD.*” This finding also adds to work in
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individuals with DS indicating similar clinical progression and
biomarkers of AD in biological men and women.*> By con-
trast, research in the general population reported significant
association of male sex on microbleeds.*® This discrepancy
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Figure 4 Regression Models of the Effect of Microbleed Status on Biomarkers and Cognition
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may be explained by distinct sex-dependent lifestyle risk fac-
tors in individuals with DS vs the general population, which
may become more pronounced at older ages rarely reached by
adults with DS. For instance, in the general population, before
the age of 60, cardiovascular and cerebrovascular risk factors
are more prevalent in men, but after 60, women tend to have
an equal or even higher risk.**

Similarly, age-related VRFs—hypertension, diabetes melli-
tus, and dyslipidemia—had no significant effect on micro-
bleeds. Microbleeds in the general population are mainly
attributed to hypertension®® and occur in a nonstrictly lobar
pattern®® (i.e,, with at least 1 deep microbleed), while
typical age-related VRFs are not prevalent in individuals with
DS,"*” which may explain the absence of an association.
Only a few deep microbleeds were found in the DS cohort
(3.63%, n = 2), in individuals without hypertension. De-
velopment of microbleeds in this population is therefore not
likely to be driven by these VRFs.

Neurology.org/N

Assessment of the topography of microbleeds revealed prev-
alent lesions throughout the cerebellum (33.66%), temporal
(21.29%), and occipital (14.85%) lobes. One criterion for in
vivo diagnosis of CAA is a strictly lobar pattern of micro-
bleeds.>® Most microbleeds were lobar; only 2 participants
(3.63%) had deep microbleeds. This pattern, which aligns
with previous investigations,*” might therefore be primarily
driven by CAA. CAA is highly prevalent in individuals with DS
but also in sporadic AD. Postmortem studies indicate a
number of 87.10%° and up to 809%,>% respectively. In spo-
radic AD, a CAA pattern of lobar microbleeds is also detec-
ted.*® Predominantly posterior microbleeds have been
detected in individuals with probable CAA* and in-
volvement of posterior regions is also observed for other
CAA-related lesions, such as WMHs, in different forms of AD
including DS,”** autosomal dominant AD,*" and sporadic
AD.* Hence, our results fit with the common co-occurrence
of CAA and AD processes, both of which stem from over-
production and disrupted clearance of AB.>®
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Of interest, the cerebellum was quite affected in participants
with DS, with 33.66% of microbleeds appearing in this area, or
23 of the SS individuals with microbleeds. Although 2 cases
made up >50% of the cerebellar microbleeds, the cerebellum
remained quite affected when removing these cases. In a study
with 138 individuals with DS, 17 microbleeds were detected in
15 individuals and 2 individuals (13.33%) had a cerebellar
microbleed.” Therefore, cerebellar microbleeds may be slightly
more frequent in the DS population. The high number of cer-
ebellar microbleeds has been found in atherosclerotic cerebro-
vascular disease™ and in CAA.** Since atherosclerosis is rare in
individuals with DS,"*” cerebellar microbleeds are thus more
likely to be related to CAA in this population.

We also investigated the relationship between microbleeds
and imaging and fluid biomarkers, and cognitive outcomes,
and found initial significant differences by microbleed severity
for all factors. This corroborates previous research in sporadic
AD and controls, indicating decreased Ap40 and A[542,4S and
increased p-tau-181°° and NfL concentrations*
creased microbleeds. Post hoc tests revealed that differences
were mainly driven by the group with 2+ microbleeds (i.e., the
group with only 1 microbleed did not differ significantly from
the group with no microbleeds except for CSF p-tau-181, p <
0.05). This specific effect of severity indicates that the pres-
ence of multiple microbleeds has a stronger association with
biomarkers of AD than the presence of only 1 microbleed. In
fact, previous research suggested that individuals with AD and
multiple microbleeds have worse cognitive outcomes, and a
higher risk of further microbleeds and mortality.®

with in-

Since microbleeds increase with AD clinical stage, we per-
formed sensitivity analyses to evaluate whether the relationship
between microbleeds and AD biomarkers remained significant,
once we controlled for disease severity. We repeated between-
group comparisons using a group of microbleed— individuals
matched by age, sex, and ID to microbleed+ (eFigure 3). For all
comparisons, group differences were no longer significant.
Since this approach is stringent and reduces the statistical
power, we also performed multivariate models including in-
dices of disease severity (age and clinical stage) as covariates.
Only hippocampal volumes and CSF p-tau-181 concentrations
remained significantly associated with microbleeds in these
models. In previous research, lobar microbleeds were associ-
ated with higher CSF p-tau-181 concentrations in a population
along the AD continuum after adjusting for CSF amyloid p
levels and diagnostic group.*® According to the authors, 3 hy-
potheses may explain this finding. First, microbleeds often re-
flect damaged vascular walls due to increased A in the vessels,
and post mortem studies have demonstrated p-tau aggregation
around vessels with increased AP. Second, microbleeds may
induce inflammation which leads to tau release into the extra-
cellular space and subsequent elevation of CSF p-tau. Third,
individuals with lobar microbleeds, which likely reflect CAA,
might be at a more advanced clinical stage, where elevated p-tau
is already seen, while CSF AP tends to become abnormal early
on in the disease and remains stable later on.*” This latter
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interpretation might also explain the association with hippo-
campal volume, which remained after regressing out age.

Finally, we did not find a clear effect of microbleeds on cog-
nitive performance. There was a trend in the univariate models
that did not survive when we included disease severity. Previous
results on microbleed associations with cognitive functioning
have been mixed. Some reports have demonstrated ‘silent’
microbleeds,*” and a recent systematic review indicated that
microbleeds are not significantly associated with risk of de-
mentia.”®> However, other reports have found an effect of
microbleeds on risk of dementia®® and worse performance on
cognitive tests with increased microbleeds, particularly when
multiple microbleeds are present.*® If microbleeds do affect
cognition in the DS population, they may be too subtle to be
detected in comparison with the overall cognitive decline
driven by AD pathology. Future studies using larger samples
and exploring different cognitive domains are required to shed
light on the exact effect of microbleeds on cognition.

The growing recognition of AD in individuals with DS, as well
its detrimental effect on life expectancy,”® highlights the ethical
importance of considering this population for treatment of
approved antiamyloid agents and future clinical trials.*” One
observed adverse effect in trials is ARIA-H, which seem to be
similar to microbleeds.’® ARIA-H are considered to be caused
by increased movement and buildup of AP in the cerebral
vessels during clearance, resulting in loss of vascular wall in-
tegrity and subsequent leakage of blood into the parenchyma.®
Recent clinical trials have therefore excluded individuals with
>4 cerebral microbleeds in any location at screening, due to
their increased likelihood of subsequent ARIA-H.*° Within our
cohort, these criteria would exclude 6% of the individuals with
DS, including 7% of individuals at the prodromal stage and 12%
at the dementia stage. Recent estimates have indicated that 23%
of individuals with sporadic AD have microbleeds, and approxi-
mately half of these present with multiple microbleeds.® In a
population-based cohort of individuals with MCI or dementia, as
many as 8.04% of individuals presented with >4 microbleeds.>"
Thus, the proportion of cases excluded based on the microbleed
count would be sensibly similar in individuals with DS and spo-
radic AD. Therefore, it will be critical to assess whether the same
criteria should be used to prevent severe ARIA in individuals with
DS, and whether specific topographic parameters of microbleeds
(anterior vs posterior, deep vs lobar) can offer valuable insights.

There are some limitations that merit consideration. First,
despite rigorous protocols, reliance on visual rating introduces
inherent subjectivity in microbleed assessment, emphasizing
the need for further development of automated tools, and
their validation in individuals with DS. Second, data were
acquired on distinct scanners, using different protocols, which
could affect the ability to detect microbleeds; however, sup-
plementary analyses indicated no effect of scanner on the
results (eFigure 4), and we used high-resolution SWI se-
quences highly sensitive to detecting microbleeds. Third,
although our study included a large cohort of individuals

Neurology.org/N

€209676(10)


http://neurology.org/n

with DS, the limited number of microbleeds affected our
statistical power and ability to find significant associations.
Fourth, despite efforts to account for age and AD clinical stage,
the inherent covariance between AD pathologic processes in
individuals with DS may hinder our capacity to tease apart the
effect of different components of the disease. Finally, histo-
pathologic examination was not available, and assessment of
neuropathologic substrates of microbleeds in the population of
individuals with DS is required to confirm the role of CAA.

In summary, this study better characterizes the contributions
and course of microbleeds in a unique population with a pre-
dictable AD trajectory. Microbleeds increased in adults with DS
with age, AD clinical stage, and higher CSF p-tau-181 concen-
trations. Despite their increased number in this population, we
did not evidence a clear effect on neurodegeneration and cog-
nition. Microbleeds are mainly lobar and predominate in pos-
terior regions and the cerebellum, a pattern suggestive of CAA.
Additional studies will provide further clarity on the relationship
between AD, CAA, and microbleeds in individuals with DS.
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