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ABSTRACT:

Background: Age-related cognitive impairment is driven by the complex iplay of
neurovascular and neurodegenerative disease. Thexrestrong relationship between cerebral
microbleeds (CMBSs), cerebral amyloid angiopathy £gAand the cognitive decline observed in
conditions such as Alzheimer’'s disease. Howevethe early, preclinical phase of cognitive
impairment, the extent to which CMBs and underly@®8A impact volumetric changes in the
brain related to neurodegenerative disease remaitisar.

Methods: We performed cross-sectional analyses from 3 leoj@rts: The Northern Manhattan
Study (NOMAS), Alzheimer’s Disease Neuroimagindiative (ADNI), and the Epidemiology
of Dementia in Singapore study (EDIS). We conduetembnfirmatory analysis of 82 autopsied
cases from the Brain Arterial Remodeling Study (BB)R We implemented multivariate
regression analyses to study the association betwee related markers of cerebrovascular
disease — MRI-based CMBs and autopsy-based CAKdependent variables, and volumetric
markers of neurodegeneration, as dependent vesialleMAS included mostly dementia-free
participants aged 55 years or older from /Northeanhattan. ADNI included participants living
in the United States aged 55-90 years with a raoigeognitive status. EDIS included
community-based participants living in Singapored@0 years and older with a range of
cognitive status. The BARS included post-mortenmplaigical samples.

Results: We included 2657 participants with available MRitaland 82 autopsy cases from the
BARS. In a meta-analysis of NOMAS, ADNI and EDI8psrficial CMBs were associated with
larger gray §=4.49 £ 1.13, P=0.04) and whitg=4.72 + 2.1, P=0.03) matter volumes. The
association between superficial CMBs and largertavimatter volume was more evident in
participants with one CMBBES.17 £ 2.47, P=0.04) than in those witl2 CMBs (3=1.97 * 3.41,
P=0.56). In the BARS, CAA was associated with iasedl cortical thicknes$ = 6.5 + 2.3,
P=0.016) but not with increased brain weidi#X.54 + 1.29, P=0.26).

Discussion: Superficial CMBs are associated with larger morpatrsic brain measures,
specifically white matter volume. This associatignstrongest in brains with fewer CMBs,
suggesting that the CMBs/CAA contribution to newgeneration may not relate to tissue loss,

at least in early stages of disease.
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INTRODUCTION:

Age-related cognitive decline is driven by the cterpnteractive effects of neurovascular and
neurodegenerative disedséThis interplay is well illustrated by cerebral mibleeds (CMBs),
which are small, round collections of hemosideaddn macrophages that represent foci of prior
microhemorrhages in the brairCMBs located in deep brain regions (e.g. basabligmrand
infratentorial regions) represent radiological bavkers for small-vessel vascular disease and are
associated with risk factors such as hypertensigperlipidemia, and diabetés> Conversely,
CMBs in superficial (or lobar) regions of the braane pathologically characterized by the
gradual deposition of-amyloid (AB) in vessel walls, known as cerebral amyloid angibp
(CAA).> " CAA is a clinical entity characterized by oldereagisseminated superficial siderosis,
macrobleeds, and multiple CMBs in the lobar<regiofshe brairf The relationship between
CMBs, CAA, and cognitive decline is complex butteosg association has emerged in recent
years. CMBs are present in approximately 20% oéoildividuals with normal cognition but up
to 40% of people with Alzheimer's disease (ADnportantly, there is a significant association
between CMBs and increased  cognitive impairment emmdtality’’*®* CAA and AD also
overlap — both involve the.aberrant deposition §f‘And an estimated 52-98% of individuals

with AD neuropathologic changes also have CAA.

The structural hallmark of many neurodegeneratigeases such as AD is progressive cortical
atrophy+> Previous work has indicated that brain atrophy ratsp be a key neuroimaging
marker_of neurovascular dised&eSmall vessel disease, for example, is characteireMRI
imaging by white matter hyperintensities, dilatediyascular spaces (PVS), lacunar infarcts and
CMBs, but these distinct markers are thought tomaltely coalesce into brain atrophy as the
final common pathway’ Additionally, one prior study demonstrated thabgle with both
hereditary and sporadic CAA have decreased cortitiekness compared to age-matched
healthy control$® Although superficial CMBs are strongly linked toderlying CAA pathology,
there are conflicting reports regarding the assoriaof superficial CMBs and gray matter
volume, with two recent studies finding no assdeigt' '° and one study finding superficial
CMBs to be associated with smaller gray matter meis?® Prior work has also shown similarly
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conflicting evidence regarding the relationshipa®en superficial CMBs/CAA and white matter

volume!® 2!

In light of these discrepancies, we attempted twidhte how CMBs relate to morphological
changes in the brain (supratentorial brain volugray and white matter volumes and cortical
thickness) while accounting for other markers ofaknvessel disease. Leveraging three
population samples with available brain MRI and @allection of autopsied brains, we
hypothesized that superficial CMBs and related G#é associated with volumetric parameters

of neurodegeneration.

MATERIAL & METHODS:

Standard Protocol Approvals, Registrations, and Patient Consents:

The Institutional Review Boards and ethical staddacommittees at each participating

institution approved of the study protocol, inclugliparticipant data collection and subsequent
publication of data related to each cohort. Writteformed participant consent was obtained

prior to participation in the study.

Cohort Participants:

Northern Manhattan Study (NOMAS):

NOMAS is an observational, prospective, populatiased cohort of stroke-free participants
enrolled in Northern Manhattan that started in 1998®m 2003 to 2008, stroke-free participants
55 years or older were invited to undergo a braiRlMDetailed descriptions of inclusion and
exclusion criteria for the NOMAS cohort and MRI ssiidy were previously publishéd.??
Subjects were not categorized by cognitive abllity were estimated to be dementia-free. In
NOMAS, baseline demographic and clinical charastes were either self-reported, obtained
from prescribed medications, or obtained from blpoessure/laboratory evidence, as previously

described” Smoking was defined as self-reported current snpét the time of MR imaging.
Alzheimer’s Disease Neuroimaging Initiative (ADNI):

Data used in the preparation of this article wetgtaimed from the ADNI database

(adni.loni.usc.edu). The ADNI was launched in 2@¥3a public-private partnership, led by
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Principal Investigator Michael W. Weiner, MD. Themary goal of ADNI has been to test
whether serial magnetic resonance imaging (MRIsitpan emission tomography (PET), other
biological markers, and clinical and neuropsychmalgassessment can be combined to measure
the progression of mild cognitive impairment (M@hd early Alzheimer’s disease (AD). ADNI
included subjects aged 55-80.Full inclusion/exclusion criteria are described detail at

www.adni-info.org. Briefly, the cohort included gabts classified as cognitively normal, mild

cognitive impairment, and AB. Clinical characteristics including” hypertensioriahetes,
hypercholesterolemia, and smoking status were médaiduring a. baseline visit using
standardized measurements and medicaffolige included a‘subset of ADNI who underwent
3T brain MRI from June 2010 until March 2012.

The Epidemiology of Dementia in Singapore study (&D

EDIS is a subsample of a population-based coho@hifiese, Malay, and Indian subjects aged
60 years and older. Participants were-includedhefytscreened positive with the Abbreviated
Mental Test or a self-reported history of forgetiss, as previously describ€din EDIS,
vascular risk factors were obtained from standadiizcordings, laboratory values, or use of
medications for hypertension, diabetes, and hymddmia. Smoking was categorized as never-
smokers and any smoking history (past-and curremksrs)?’ We analyzed the subset of

participants that underwent 3T MRI brain imagingl &ad availablépoe4 genotype.

The Brain Arterial Remodeling Study (BARS) is aleotion of over 300 Circle of Willis
samples obtained at autopsy in various brain babkdailed descriptions of pathological
processing were previously descrilf&d®® More recently, we started adding brain samples
corresponding to the Circle of Willis of the New PKdPresbyterian Brain Bank as an extension

of the investigation of the brain arterial remodglrole in neurodegeneration.

The study size for the cross-sectional analysesbassd on the subject-level eligibility based on

the inclusion and exclusion criteria for each resige cohort.

MRI Examination:

Copyright © 2022 The Author(s). Published by Wdt&tuwer Health, Inc. on behalf of the American Aeany of Neurology.



NOMAS imaging was performed on a dedicated 1.5seaech MRI system (Philips Medical
Systems). CMBs were manually counted using T2* igrgddecho (GRE) sequences in the
coronal plane, using the Brain Observer MicroBl&eale, as previously describ&dUsing T1
axial sequences, we obtained total supratentor&h lvolume (excluding ventricles), total gray
matter volume, total white matter volume, and caitthickness. T1-weighted and FLAIR MRI
sequences underwent motion correction, skull stiggpand transformation into Talaraich
space’’ Images were segmented, and gray and white matiendaries were identified and
underwent automated topology correction and surdi@éermation. To obtain total supratentorial
brain volume, non-brain elements were manually needoby operator-guided tracing, as
previously described Brain covert infarcts and dilated PVS were. ratsihgia pathology-
informed algorithm that aims at distinguishing .mets from PVS using T1 and FLAIR
sequences with a good reliabilfy/Volumes were obtained by adding brain voxels friw
segmentation of T1-weighted images. We used theskréer image analysis suite version 5.1

(https://surfer.nmr.mgh.harvard.edu/) to'measuréazs thickness?

ADNI imaging was conducted .on 3-T MRI scanners 4td8ferent sites. A full description of

MRI processing is available. at http://adni.loni.gsiti/methods/documents/mri-protocols/.

Briefly, two radiologists used T2* GRE sequencesdaont CMBs as homogenous hypointense
lesions up to 10 mm in diameter. The inter-ratereament between the two radiologists on
definite versus' not-definite CMBs ‘was 85%, whichrresponded to good agreement
(kappa=68%]° Brain infarct information was downloaded from #BNI website and used for
analyses as present versus absent. Dilated PVSrat@ by us using the same method as in
NOMAS applied directly to downloaded T1 and FLAMRages?

EDIS imaging was performed on a 3-T MRI (Siemengidgom Trio Tim scanner), using a 32-
channel head coil, at the Clinical Imaging ReseafdEntre of the National University of
Singaporé’ CMBs (also imaged using T2* GRE sequences) weeslegt using the Brain
Observer Microbleed Scale and were classified barlor deep microbleeds as dichotomous
variables®® Brain infarcts were defined as hypointense lesionsT1-weighted images and
hyperintense on T2-weighted images. Total intraatarolume was obtained using T1- and T2-

weighted MRI images. Regional volumes were quadifising automatic segmentation, and a

Copyright © 2022 The Author(s). Published by Wdt&tuwer Health, Inc. on behalf of the American Aeany of Neurology.



model-based automated procedure (FreeSurfer veisibi®) was used to measure cortical
thickness, as previously descritédilated PVS were quantified in four brain regicarsd the
sum of these regions was used for this analygisrmation on dilated PVS was available only in

EDIS participants of Chinese and Malay ancestry.

Post-mortem brain samples:

Cerebral hemispheres were fixed with 10 % buffdoedialin and coronally sectioned at 0.3 to
0.5 cm interval thickness. Samples were procesge@matically as described elsewh&rét
least ten standardized anatomical sections weggrgat and stained with Luxol/ hematoxylin &
eosin (LHE) and submitted toB-amyloid (6E10; < BioLegend; Catalog # 803003)
immunohistochemistry (IHC). The IHC was perfermeg Wentana automated slide stainer
without manual antigen retrieval and was detectgdgithe Ventana ultraView universal DAB
detection kit (Tucson, AZ) as recommended by thaufecturer. Each slide was digitized using
a Leica SCN400 microscope with constant light aX 40agnification. Aperio Image Scope ©
Leica Biosystem Pathology Imaging (version 12.068% was used for visualization and
processing of images. In the slides foamyloid, we quantified the presence and number of
vessels witt3-amyloid deposits by dividing each brain slide ia two-dimensional boxes (40
pntin size). For each box, we manually counted thebemof vessels witB-amyloid deposits

to quantify the burden of CAA. We also classifié@ tocation of each vessel wifhamyloid
deposits into subcortical, cortical, or leptomemialg(or extracortical) areas (Figure 1 A-D). The
maximum number of CAA vessels per 40 {unox was capped at 100. Cortical thickness was
measured in slices of the brain surface. To accfarrthe natural variation in cortical thickness
observed in pathology given sulci folding, we meaduthe cortical thickness in at least five
areas that visually appeared homogenous in thiskimesbtain the average cortical thickness in a

given brain section.

Statistical Analysis.

Analyses were initially carried out separately acle sample, and then combined in a meta-
analysis. We assessed sample characteristics atesbwiith any CMB in the three MRI cohorts
and any CAA in the BARS using Fisher’s exact andi8ht’s t-tests, as indicated.
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For the MRI samples, total brain, white and graytteravolumes were transformed into their
logarithmic expression to approximate normality.rt@al thickness (in mm) was normally
distributed. CMBs were expressed as a binary vigjadegregated into lobar and deep, and
ordinally as 0=no CMB, 1=one CMB, and 2=2 or mor®IE3. We built generalized linear
models with an identity link to obtain type 1 es@nd beta estimates. Models were adjusted for
age, sex, race/ethnicity, hypertension, diabetgsljpdgdemia, smokingApoe4 status, prevalent
chronic brain infarcts, head size, and white mdtigrerintensity volume. In a post-hoc analysis,
we also ran the same models adjusting additiorfallydilated PVS in the three population
cohorts. Due to differences in population origimdamethodology, we carried out a meta-
analysis and not pooled cohort analyses. We metbread the results.of the three cohorts, and
additionally ADNI and NOMAS separately, given thahared origin in the United States.
RevMan 5.4 was used to perform all the meta-anal{Review Manager (RevMan) [Computer
program], Version 5.4, The Cochrane Collaboratk#20.). A random effects model was carried
out to calculate mean differences for continuou@ue data. Heterogeneity was assessed by
two methods, the Q statistic test and thetatistic test. For the Q statistic test, a P #al®.05
was considered statistically significant. For tRestitistic test, heterogeneity increased with a
rising P value. A fixed statistical model?(k 50%) or a random statistical model ¥150%) was

used according to thé value.

In the BARS, we expressed CAA as present versumnabend among those classified as present,
the mean number of arteries with CAA per brain isectDue to limited availability of
morphological measures in sectioned postmortemirsees, we only assessed brain weight and
cortical thickness. Because of the two-level catieh in brain samples (number of arteries with
CAA within each brain slice, and multiple braincelé per case), we built generalized linear
mixed models adjusted for age, sex, race/ethnidiypertension, diabetes, dyslipidemia,

smoking, and brain infarctions.

Statistical analyses were completed with SAS soBW&AS version 9.4, Institute Inc., Cary,
NC).
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Data Availability:
Anonymized data not provided in the article becanfsepace limitations may be shared at the

request of any qualified investigator for purposegeplicating procedures and results.

Results:

a) Description of cohorts: We included 2657 papcits with available data (918 from NOMAS,
1017 from ADNI, and 722 from EDIS) and 82 autop@ges from the BARS. Baseline

demographic characteristics of the samples areeptes in‘Table 1.

The overall prevalence of CMBs was 6% in NOMAS, 22%ADNI, and 31% in EDIS (Table 1).
In the three cohorts, the prevalence of CMBs-irszdawith age (Figure 2, eTablel). Stratifying
CMBs by anatomical location shows<a consistentlghbr prevalence of cortical CMBs
compared to deep CMBs across the three cohortar@-R).

In the BARS, the overall prevalence of CAA was 7¢28% purely cortical, 6% purely in the
basal ganglia, and 43% mixed). CAA burden diffdogcanatomical region (Figure 3): the mean
number of CAA vessels was highest in the lobaraegiof the parietal (mean=7.4 + 2.4)
followed by occipital (mean=4.2 £ 1.5) and fronfalean=4.2 £+ 1.3) regions. Leptomeningeal
(or extracortical) CAA was more prevalent in theipdal region (mean=3.8 + 0.8), compared to
the parietal (mean=3.6 = 0.8) and frontal (mean=2086) regions. Subcortical/deep regions had

the lowest. amount of CAA, as observed in Figure 3.

b) Correlates.of CMB/CAA: In a cross-sectional nuatiate analysis, “any CMB” (collection of
both superficial and deep CMBSs) was associated ag# across all three cohorts. The strength
of association and statistical significance vam@goss cohorts for sex, ethnicity, vascular risk

factors,Apoed genotype and MRI markers of covert cerebrovasalit®ase (eTable 1).

c) Association of CMBs/CAA with cortical thicknessxd brain volumes: In each cohort, we

assessed the relationship between CMBs and mogibaldrain metrics including total brain,
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white matter, and gray matter volumes, in additiorcortical thickness (Table 2). In a meta-
analysis of NOMAS, ADNI and EDIS, superficial CMBgere associated with larger gray
(B=4.49 + 1.13, P=0.04) and whitg=4.72 + 2.1, P=0.03) matter volumes (Table 3).tHyrag

by CMB severity, the association between supeificMBs and larger white matter volume was
more evident in participants with one CMB=6.17 + 2.47, P=0.04) than in those with2
CMBs (3=1.97 = 3.41, P=0.56). The direction of associaiovas more consistent between
ADNI and NOMAS than with EDIS (Table 2 and eFigurkgl). We also found a positive
correlation between superficial/deep CMBs and gnagter volumesfi=5.63 + 1.27 an{=9.27

+ 3.52, P<0.05). CMBs were nominally associatedhwgteater thickness£12.21 + 7.72,
P=0.10) only in NOMAS and ADNI meta-analyses. Irsfpooc analyses, addingon dilated PVS
scores in the three populations did not changesitp@ficance of the association between CMB
and higher white matter volumes. Dilated PVSwedependently associated with higher white
matter volume in NOMASf=1.25 + 0.59, P=0.04) and EDI$=0.35 £ 0.16, P=0.03), and
nominally in the ADNI cohortf=0.37 £ 0:47, P=0.43, eTable 2).

In the BARS, the two main outcomes were brain weaghautopsy and cortical thickness, and
the main exposure was CAA‘expressed continuoudlyeamean number of vessels with CAA in
each brain section of each cases. In a model adjdst age, sex, demographics, vascular risk
factors and presence of brain infarcts, CAA waseiated with increased cortical thicknefs=(
6.5 = 2.3 um, P=0.016) but not with increased bvadght §=1.54 + 1.29, P=0.26). We did not

adjust forApoe4 genotype because it was available only on a subample.

Discussion:

Growing evidence suggests that cognitive declinéheraging brain is driven by overlapping
neurovascular and neurodegenerative disease. CAR Admheimer’'s disease pathological
changes share a particularly close connectighuAderlies the pathogenesis of both conditions,
and clinically, they frequently coexist and corteldn severity- ** CMBs are also more
prevalent in AD compared to other forms of demefftiafo further investigate this
interrelationship, we tested whether CMBs (and dgiey CAA) correlate with key
morphological markers of neurodegeneration. Coptrarour initial hypothesis, we found that

lobar CMBs were independently associated with iaseel MRI-based total supratentorial brain
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volume and white matter volume. We also found aexpected significant association between
autopsy-based CAA burden and increased corticakriess. Prior work has demonstrated
conflicting results regarding the relationship dfiBs and white matter volume. One recent
study of memory clinic patients indicated that IolMBs, as opposed to deep microbleeds,
were associated with reduced white matter volditrig¢owever, in agreement with our findings,
Wang and colleaguEsstudied a non-stroke, non-dementia populationfandd increased white
matter volume in patients with lobar CMBs. One pstudy examining cohorts of patients with
hereditary cerebral hemorrhage with amyloidosis€Buype (HCHWA-D) and sporadic CAA
provided evidence that CAA is associated with caitatrophy; independent of AtS We found
consistent trends in the opposite association in study of patients. This relationship was
particularly notable in the American cohorts and fbll study meta-analysis, but not in the
Singaporean cohort. One reason for the discrepamgy be due to differences in baseline
disease. That is, we observed significantly:moreBSNh the Singaporean cohort compared to
the American cohorts, which could suggest more lack@ disease in the Singaporean coffort.
There may also be social or genetic differencesden the cohorts that were not accounted for
in our study. Importantly, we noted no differennethe proportion oApoe4 mutations between

the study groups.

In all three imaging cohorts, we found that'‘CMBgeavassociated with older age, consistent with
prior studies: ° Presumably, this relationship is due to weakeres$el walls and blood leakage
into surrounding tissues seen with agthgVe found no association between CMBs &pded
carrier status, despite previous work showing thdividuals with theApoe4 allele are more
likely to have. lobar microbleedsOur MRI populations did have a predominance ofatob
compared to deep microbleeds, which was unantmipgtven the high proportion of vascular
risk factors, hypertension and hyperlipidemia, acle cohort. Research has indicated that a
population with predominately lobar CMBs is likeky be associated with underlying amyloid
angiopathy’® In agreement with prior work: “° we found a high proportion of CMBs in the
frontal and parietal regions, and in pathologi@hples, we found more CAA in cortical regions
compared to subcortical or deep regions of thenbi&ie also found a high proportion of CAA in
leptomeningeal vessels and in the occipito-pariletbdr regions. CAA is thought to develop
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from the posterior lobar regions to the anteriagiors;" a progression that is associated with

worsening executive functidii.

The glymphatic system of the brain may help exptain unexpected results. The glymphatic
system refers to paravascular flow of CSF to remmgortant interstitial waste solutes, such as
AB.*”® This flux is driven by arterial pulsation and vassiion and can be adversely affected by
small vessel disease and strék&’ Pathologically, AD is characterized by the accuatiah of
neuritic plaques that result, at least in partyfrdysfunctional clearance offAn the glymphatic
system. In CAA, A accumulation in vessel walls is also likely theulé of failure of intramural
perivascular drainag®.These two overlapping pathologies are thoughtéate a feed-forward
cycle, whereby increased vasculdgs kads to decreased clearance @f worsening both CAA
and AD? Importantly, the combined interaction may représeninifying therapeutic target to
treat both conditions. It is clear from a large Yad work that clinical dementia is associated
with brain atrophy, but in the pre-clinical stagdslisease, failure of the glymphatic system may
lead to relative increase in interstitial fluid, e is reflected by increased brain morphometric
measures, particularly white matter volume. Oudifug.of a significant relationship between
dilated PVS and white matter volume may suppos thpothesis. Future mechanistic studies
are needed to assess whether larger brain voluragsben seen as a preclinical stage @f A

deposition-related brain pathology.

The methodological strengths of this study inclutle large, ethnically diverse sample of
participants, the clinical and imaging data, and tiross-validation of the analyses using
autopsies, the gold-standard to diagnose CAA, @énBARS. The results of this study should be
contextualized within.certain limitations. Firsh the three imaging cohorts, we assessed for
CMBs, while in the BARS, we pathologically diagndseAA. We believe that the most likely
cause of cortical CMBs is CAA, but prior work hawicated that CMBs and CAA don't
perfectly overlap in the brafff. In addition, radiologic-histopathologic correlaticstudies
indicate that the true-positive detection rate &fIES ranges between 48%-89%, and false-
positive mimics (including microdissections, mianearysms, and microcalcifications) occur at
a rate between 11%-24%Furthermore, up to 50% of CMBs are missed on MR&ging

compared to post-mortem analy$ld\Ve also did not assess other radiological mar&BGAA
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such as superficial siderosis. A higher Tesla magvaild increase the sensitivity to detect
CMBs and potentially yield closer results in the Mfd pathology cohorts. Failing to identify

CMBs increases type 2 error. Therefore, we paien#tn to the direction of associations in
other morphometric brain measures to assess if pr@@se diagnosis of CMBs could result in
greater statistical power. The precision of CAAgtiasis provided by pathology in the BARS
may be the reason why in a smaller sample we waeeta detect an association between CAA

and cortical thickness.

Our study also has inherent limitations regardisgcross-sectional nature. In addition, the three
cohorts differed in various respects that may hatreduced selection biases. For instance, the
NOMAS cohort was composed of mostly dementia-fragti@pants while both ADNI and EDIS
obtained patients with a range of cognitive ahillty NOMAS, participants were scanned with
1.5-T machines, while ADNI and EDIS implemented 3n@chines. The higher Tesla magnet
may have identified a larger number of CMBs in grabvely worse population to skew the
associations. In addition, each study implement2ti GRE sequences, which is less sensitive
than susceptibility weighted imaging for the detattof CMBs> Our models did adjust for a
large range of clinical factors including age, sexce/ethnicity Apoed, head size, prevalence of
hypertension, diabetes, hypercholesterolemia, smgoKiIRI evidence of infarction, and total
white matter hyperintensity volume, but there mayéhbeen other unmeasured clinical factors
for which we did not account. We also did not cartdnorphological analyses on each specific
cortical area and thus, there may be regional trang that were not fully assessed in this study.
One may propose that brain regions particularlyartgmt to aging (e.g. hippocampus, occipital,
and parietal). may demonstrate differential morppmal changes compared to other regions.
Thus, our study should be interpreted with thesetditions in mind, and future work should be

conducted to assess the generalizability of owltes

In conclusion, we found that CMBs — and the undegypathological entity, CAA — do not
correlate with traditional markers of neurodegetiegadisease such as atrophy or cortical
thinning. Instead, our results surprisingly indecain association between CMBs and CAA and

larger morphological brain measures.
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Table 1: Baseline Demogr aphic Characteristics

NOMAS ADNI EDIS BARS
N =918 N=1017 N=722 N=82
Age, yr, mean (SD) 70 (9) 73 (7) 70 (7) 81 (11)
Women, n (%) 573 (62) 500 (51 359 (50) 38 (46)
Race/ethnicity
Non-Hispanic white, n (%) 161 (18) 908 (89) - 61 (74)
Non-Hispanic black, n (%) 147 (16) 42 (4) - 8 (10)
Hispanic, n (%) 610 (66) 35 (3) - 12 (16)
Chinese, n (% - - 223 (31) -
Indian, n (%) - - 259 (36) -
Malay, n (%) - - 240 (33) -
Apoe4 carriers, n (%) 204(23) 428 (42 122 (17) 11 (42)%
Hypertension, n (%) 707 (77) 537 (53 576 (80) 3P (
Diabetes, n (%) 221 (24) 124 (12 258 (36) 10 (12)
Hypercholesterolemia, n (%) 744.(81) 581 (57) 528) ( 30 (37)
Current smoker, n (%) 89 (10) 18 (2) 197 (27) 1A (1
Any CMB (CAA for BARS), n (%) 61 (6) 228 (22) 2231) 64 (78)
Lobar 36 (4) 188 (19) 208 (27) 55 (67)
(Dbzeszl ganglia/brain stem) 25 (3) 7(8) 124 (16) 39 (48)
Brain infarcts, n (%) 137 (15) 36 (4)t 110 (17) (38)
Mean cortical thickness, mm, (SD 2.29 (0.10) 4@a3) 2.37 (0.11) 2.57 (0.27)

Abbreviations::NOMAS = Northern Manhattan Study, B®& = Brain Arterial Remodeling Study,
ADNI = Alzheimer’s Disease Neuroimaging InitiativeDIS = Epidemiology of Dementia in

Singapore studyApoe = apolipoprotein E

*Only available'in 27 cases

tData on brain infarcts from ADNI is missing; self-reported history of stroke was used as a

surrogate.
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Table 2: Associations between CM B by anatomical location and severity with brain volumetric
measur es and cortical thickness.

Total brain Gray matter | White matter Cortical
volume volume volume thickness (in
Log transformed microns)
Beta estimates + standard error
NOMAS
Model 1 Any CMB 10.06 + 5.07 7.54 + 5.64 19.31838.] 8.43+11.99
Model 2 Superficial CMB | 11.99 + 6.63] 7.10+£1.38 1.92 + 11.28 + 15.66
10.87t
Deep CMB -1.81 +7.67 12.70 + 558 1.85+12.6415.40 + 18.21
Model | Superf | No CMB Reference
3 icial One CMB 11.96 £ 7.95 4.82 £8.73 20.40 12480 ¥618.57
>two CMB 6.31+11.78 2.87+14.24 5447+ -17.38 +30.27
20.91t
Deep | No CMB Reference
One CMB 8.17 £6.93 10.73+7.68 4.32+11.p8 134%.34
>two CMB 17.27 £11.49|  7.94+2435 19.88 + 35|7657.52 £+51.76
ADNI
Model 1 Any CMB 275+ 2.32 0.59 +2.92 6.15+4.78 14.9+10.1
Model 2 Superficial CMB 1.57 +2.58 -252+325 127+5.32 8.3+11.2
Deep CMB 4.55 + 3.59 7.0 *+ 4.552 3.03+7.38 1354
Model | Superf | No CMB Reference
3 icial One CMB 2.67 £3.01 -3.56 + 3.79 9.28 £ 6.19 173P.8
>two CMB -2.25 £ 1.46 -0.77 £5.25 -0.37 + 8.56 A2 18.40
Deep | No CMB Reference
One CMB 1.64 +3.92 5.87 £4.94 -2.64 + 8.07 14:3% .35
>two CMB 20.30 £1.911| 10.10+9.9Y 33.77 £| 28.84 +39.30
16.27t
EDIS (Singapore)
Model 1 Any CMB -0.06 +1.16 -1.14 +2.29 3.0242.| -11.13+8.17
Model 2 Superficial CMB 0.11 £1.25 0.20 £ 2.47 ®92.36 -1.86 +8.82
Deep CMB -1.39£1.58 -3.99+3.12 -0.38+2.96 .8¥3t11.15
Model | Superf | No CMB Reference
3 icial One CMB 1.50+1.46 1.41 + 2.90 3.65+2.76 7.a401
>two CMBs -2.83 £2.00 -1.98 £ 3.96 0.71+£3.78 731+ 10.38
Deep | No CMB Reference
One CMB -1.16£1.79 -3.31+£356 -1.26+3.36 ¥ B.69
>two CMB 0.49 +2.86 -3.19 + 5.67 2.40 £ 5.38 -341620.22

Analytic notes: Models adjusted age, sex, racei@tiinApoe4, head size, prevalence of hypertension,
diabetes, hypercholesterolemia, smoking, MRI ewdanf infarction, and total white matter hyperirgigy
volume.

*=P value 0.100.05; =P value < 0.05
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Table 3: Associations between CM B by anatomical location and severity with brain volumetric

measur es and cortical thickness.

Total brain
volume

Gray matter
volume

White matter
volume

Log transformed

thickness (in

Cortical

microns)

Beta estimates * standard error

META-ANALY SIS (United Stat

es)

Model 1 Any CMB 4.02+2.11 2.06 + 2.59 9.41 + 414 1221 +7.72
Model 2 Superficial CMB 2.94+2.41 5.63+1.271 .91+4.77t] @ 9.31+9.11
Deep CMB 3.41 +3.25 9.27.£3.52f 2.73+6.37 1432.19
Model | Superf | No CMB Reference
3 icial One CMB 10.19 + 6.59 -2.23+3.47  11.38+5.5717.14 + 10.54*
>two CMB -2.12 £1.45 -0.33 + 4.92 7.50 £7.9p a3+ 15.72
Deep | No CMB Reference
One CMB 3.22 + 3141 7.29 £+4.15tr -0.28 £ 6.56 13+861.89
> two CMB 20.21 + 1.88t 9.79+9.23 31.38 +14.81 -2.74+31.3
META-ANALYSIS (All 3 Cohorts)
Model 1 Any CMB 0.89 +1.02 0.26 +1.72 44+1193 1.2+561
Model 2 Superficial CMB 0.71+1.11 449 + 1113 4.72+2.1% 3.54 +6.34
Deep CMB -0.47+1.42 1.84 +2.34 0.17 £ 2.68 -H@L22
Model | Superf | No CMB Reference
3 icial One CMB 1.99+1.3 -0.08 £ 2.27 517 + 2t47 13.48 £8.42
> two CMBs -2.36 +1.17 | -1.33+3.09 1.97 £3.41 -7.53 £+ 8.66
Deep | No.CMB Reference
One CMB -0.21 +1.58 1.18+2.7 -1.06 + 2.99 3.7368
>two CMB 14.25+1.5Y | 0.37+4.83 5.78 +5.06 -25.24 + 16.9

Analytic notes: Models adjusted for age, sex, etbefcity, apoe4, head size, prevalence of hypsitan
diabetes, hypercholesterolemia, smoking, MRI ewdanf infarction, and total white matter hyperirgigy

volume.

*=P value 0.10-0.05
=P value < 0.05
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FIGURE LEGENDS

FIGURE 1. Example vessels with cerebral amyloid angiopat@fA) and their anatomical

distribution. (A) “Double barrel” appearance of CAAthe frontal cortex showing detachment

and delamination of the outer part of the tunicadimeMany neuritic plaques observed in

surrounding tissue. (B) Copious vessels affecte@B@ noted in the leptomeningeal space of

the frontal cortex. (C) CAA vessels observed ia thudate nucleus ssel observed
in the globus pallidus. (E)
A .
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FIGURE 2: The mean prevalence of CMB by age and anatorfacation for the three cohorts.
Age is discretized into 5-year increments. (1) Bindicates any CMB; (2) Red indicates
superficial (or lobar) CMBs (i.e. cortical or adggnt subcortical white matter); and (3) Green
indicates deep (basal ganglia, brain stem or caebmiclei) CMBs. The prevalence of CMBs
was significantly associated with age in NOMAS (QR335, 1.008-1.063), ADNI (OR=1.040,
1.021-1.059), and EDIS (OR=1.036, 1.008-1.064) ashdbbreviations: NOMAS = Northern
Manhattan Study, BARS = Brain Arterial Remodelinydy, ADNI.= Alzheimer’'s Disease
Neuroimaging Initiative, EDIS = Epidemiology of Dentia in Singapore study, OR = Odds
Ratio.
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FIGURE 3: The mean of cerebral amyloid angiopathy (CAA) CA&Amber of vessels per 40
um? in the BARS cohort. The gray matter areas seeténcaudate, internal capsule, globus
pallidus, and thalamus were excluded from the ‘iCalt and “Extra-Cortical” columns and

represented instead under the “Subcortical” coluB#RS = Brain Arterial Remodeling Study.
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