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Abstract

Objective: Adults with Down syndrome (DS) develop Alzheimer disease (AD) pathology by 

their 5th decade. Compared with the general population, traditional vascular risks in adults with 

DS are rare, allowing examination of cerebrovascular disease in this population and insight into its 

role in AD without the confound of vascular risk factors. We examined in vivo magnetic resonance 
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imaging (MRI)-based biomarkers of cerebrovascular pathology in adults with DS, and determined 

their cross-sectional relationship with age, beta-amyloid pathology, and mild cognitive impairment 

or clinical AD diagnostic status.

Methods: Participants from the Biomarkers of Alzheimer’s Disease in Down Syndrome study (n 

= 138, 50 ± 7 years, 39% women) with MRI data and a subset (n = 90) with amyloid positron 

emission tomography (PET) were included. We derived MRI-based biomarkers of cerebrovascular 

pathology, including white matter hyperintensities (WMH), infarcts, cerebral microbleeds, and 

enlarged perivascular spaces (PVS), as well as PET-based biomarkers of amyloid burden. 

Participants were characterized as cognitively stable (CS), mild cognitive impairment–DS (MCI-

DS), possible AD dementia, or definite AD dementia based on in-depth assessments of cognition, 

function, and health status.

Results: There were detectable WMH, enlarged PVS, infarcts, and microbleeds as early as the 

5th decade of life. There was a monotonic increase in WMH volume, enlarged PVS, and presence 

of infarcts across diagnostic groups (CS < MCI-DS < possible AD dementia < definite AD 

dementia). Higher amyloid burden was associated with a higher likelihood of an infarct.

Interpretation: The findings highlight the prevalence of cerebrovascular disease in adults with 

DS and add to a growing body of evidence that implicates cerebrovascular disease as a core 

feature of AD and not simply a comorbidity.

With advances in medical insights and improvements in the quality of care, the life 

expectancy in Down syndrome (DS) has increased dramatically over the past 30 years.1 By 

the time individuals with DS are in their 5th decade, virtually all have sufficient cerebral 

beta-amyloid and tau pathology to meet pathological criteria for Alzheimer disease (AD) 

and most will have developed clinical dementia by their 60s.2–9 However, there is variability 

in the age of clinical onset of dementia as well as variability in symptoms and course of 

decline once the disease manifests.3,10–13 As a result, the impact of AD, for which no 

disease-modifying treatment is currently available, is an increasing public health threat to 

this population. An understanding of AD-related biological changes and their modifiers in 

adults with DS is needed to develop viable treatment and preventative strategies. 

Characterizing AD-related biomarker profiles with neuroimaging in DS has the additional 

potential to provide insight into late onset AD, an even more significant public health 

concern for the general population.

Although it is widely acknowledged that cerebrovascular pathology contributes to the 

clinical symptoms of AD, there is little agreement about its role in disease pathogenesis. 

Previous work established that neuroimaging markers of cerebrovascular disease, such as 

white matter hyperintensities (WMH), are associated with increased risk for and progression 

of AD14–16 and are elevated in autosomal dominant AD.17 Vascular risk factors are 

associated with a higher risk of clinical AD and with AD biomarkers in later life.18,19 Unlike 

the general population, however, individuals with DS have low prevalence of traditional 

vascular risk factors, such as hypertension, type 2 diabetes, and atherosclerosis.20–24 

Assessment of cerebrovascular changes in DS has been restricted primarily to the analysis of 

cerebral amyloid angiopathy (CAA),25–28 attributed to the overproduction of amyloid. 

However, more comprehensive consideration of cerebrovascular changes among individuals 
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with DS provides the unique opportunity to both characterize cerebrovascular biomarkers in 

vivo and study cerebrovascular disease in AD without the confound of vascular risk factors 

or advanced systemic arterial disease. An observed low prevalence of cerebrovascular 

disease in adults with DS would be consistent with their low vascular risk profiles, and 

would suggest that previously observed cerebrovascular abnormalities in late onset AD 

might reflect comorbidity. On the other hand, observing high rates of cerebrovascular 

disease among individuals with DS with an AD diagnosis, given their low vascular risk 

profiles, would provide evidence of a more central role of cerebrovascular disease in AD 

pathogenesis.

The current study examined structural magnetic resonance imaging (MRI) markers of 

cerebrovascular disease in DS, including WMH, cerebral microbleeds, infarcts, and enlarged 

perivascular spaces (PVS). The study also examined the emergence of cerebrovascular 

lesions in the context of classical AD neuropathology as measured by amyloid positron 

emission tomography (PET). Our overall hypothesis was that, despite the low prevalence of 

traditional vascular risk factors and arterial disease in DS, MRI-derived markers of 

cerebrovascular disease would be common, increase in an age-dependent manner, and be 

associated with clinical AD diagnosis, reflecting a key role in disease pathogenesis.

Patients and Methods

Participants

Participants in the current study were enrolled in the Biomarkers of Alzheimer’s Disease in 

Adults with Down Syndrome (ADDS; U01 AG051412) study, designed to characterize the 

development of AD among adults with DS clinically, genetically, and with cerebrospinal 

fluid, blood, and neuroimaging biomarkers. To date, the ADDS study has enrolled >200 

individuals >40 years old at Columbia University/New York State Institute for Basic 

Research in Developmental Disabilities, Massachusetts General Hospital/Harvard Medical 

School (MGH), and University of California, Irvine (UC-Irvine). Participants with 

completed MRI scanning with sequences necessary for quantification of cerebrovascular 

changes (see below) and a clinical evaluation with AD diagnostic consensus (N = 138) were 

included in the analyses. The study was approved by the institutional review boards at 

participating institutions, and written informed consent was obtained from participants 

and/or their legal guardian or legally authorized representative. Furthermore, we received 

assent from every participant before every procedure.

Clinical Assessment

Participants underwent neuropsychological testing to assess cognition in domains typically 

affected by AD, supplemented by reviews of clinical charts and interviews with 

knowledgeable informants as described previously.29 The evaluations also included a 

standardized clinical and neurological examination. A consensus panel, including clinicians 

expert in the assessment and diagnosis of dementia in individuals with DS, adjudicated 

diagnoses following standardized procedures, which considered health history, functional 

and vocational abilities, performance in direct assessment, and neuropsychiatric symptoms. 

One of 4 AD-related diagnoses was assigned to each participant. A diagnosis of cognitively 
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stable (CS) indicated no evidence of clinically significant cognitive decline, with 

performance consistent with preclinical intellectual functioning and age. A diagnosis of mild 
cognitive impairment–DS (MCI-DS) indicated evidence of cognitive decline over time 

beyond what would be expected with age but of insufficient severity to suggest dementia. A 

diagnosis of possible AD dementia indicated evidence of substantial decline of breadth and 

severity greater than indicative of MCI-DS. A diagnosis of definite AD dementia indicated 

clear evidence of substantial cognitive and functional decline with a high degree of 

confidence in the dementia rating. For any participant who was rated as having MCI-DS or 

possible or definite dementia, findings were reviewed to establish an etiological differential 

diagnosis. These were AD, AD in combination with possible other pathology, or dementia 

due to uncertain causes. Participants were excluded if the consensus committee determined 

there to be a complication or substantial concern unrelated to a neurodegenerative disorder 

(eg, severe sensory loss, new psychiatric diagnosis). In addition to diagnostic information 

related to cognitive impairment status, participants received full neurological examinations 

and were assessed for histories of medical illnesses. All classifications of clinical status were 

determined without reference to neuroimaging or other AD biomarkers.

Magnetic Resonance Imaging

Participants were scanned on a Siemens (Erlangen, Germany) Prisma 3T (Columbia 

University, n = 29; MGH, n = 53) or Philips (Best, the Netherlands) Achieva 3T (UC-Irvine, 

n = 56) MRI system. Following protocols put forth by the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI), each participant received a high-resolution T1-weighted 

anatomical scan (repetition time [TR]/echo time [TE]/inversion time [TI] = 2,300/2.96/900 

milliseconds, voxel size = 1 × 1 × 1mm3), a T2-weighted fluid-attenuated inversion recovery 

(FLAIR) scan (TR/TE/TI = 5,000/386/1,800 milliseconds, voxel size = 0.4 × 0.4 × 0.9mm3), 

and a T2*-weighted gradient echo (GRE) scan (TR/TE = 650/20 milliseconds, voxel size = 

0.8 × 0.8 × 4mm3) or susceptibility-weighted image (SWI; TR/TE = 27/20 milliseconds, 

voxel size = 0.9 × 0.9 × 1.5mm3). These images were used to quantitate major classes of 

small- and large-vessel cerebrovascular abnormalities, including WMH, presence of infarct, 

severity of enlarged PVS, and presence of microbleeds using the following procedures. 

Examples of these cerebrovascular biomarkers are displayed in Figure 1.

White Matter Hyperintensities

White matter hyperintensity volume was derived from T2-weighted FLAIR images. Briefly, 

each image was brain extracted and intensity normalized. Brain-extracted voxel intensities 

were high-pass filtered at the distribution mode and log-transformed for normality. A half 

Gaussian mixture model (eg, lower half Gaussian, higher full Gaussian) was fit to the log-

transformed intensity histogram, and the voxels in the higher Gaussian distribution were 

labeled as hyperintense (≥5 contiguous voxels). The primary outcome was global WMH 

volume, but because previous work demonstrated that spatially posterior distributions of 

WMH (ie, parietal and occipital lobes) were related to amnestic MCI and AD,17,30 we 

further investigated lobar WMH volumes across diagnostic groups.
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Infarct

Infarcts were assessed on FLAIR and T1-weighted images. Infarcts were rated on FLAIR 

images as discrete hypointense lesions >5mm with a partial or complete hyperintense ring. 

Lesions were confirmed on T1-weighted images as areas of hypointensity. The primary 

outcome was the presence of at least 1 infarct.

Microbleeds

Microbleeds were rated by visual inspection,31–33 using criteria that included a hypointense 

round or ovoid lesion on GRE (n = 43) or SWI (n = 51), surrounded at least halfway by 

parenchyma, and accompanied by a “blooming” effect. Microbleeds are not hyperintense on 

accompanying T1-weighted or FLAIR scans, distinguishing them from iron or calcium 

deposits, bone, or vessel flow voids. Because most participants had 0 or 1 detectable 

microbleed, the primary outcome measure was Boolean, reflecting the presence of at least 1 

microbleed.

Perivascular Spaces

Enlarged PVS were visually read on T1-weighted scans as hypointensities in 13 regions and 

scored 0 to 2 based on characteristics on T2-weighted scans (eg, hyperintense ring), 

resulting in an overall score ranging from 0, indicating no enlarged PVS in any of the 13 

regions, to 26, indicating the most severe enlarged PVS score in each of the 13 regions.34 

This method has suitable intrarater (intraclass correlation coefficient [ICC] = 0.90) and inter-

rater reliability (ICC = 0.73).34, 35

Amyloid PET

A subgroup of participants (n = 90) underwent amyloid PET with [18F]florbetapir (AV45) at 

each site. Individuals at Columbia University were scanned on a Siemens Biograph 64 

(voxel size = 1 × 1 × 2mm3, reconstruction = OSEM3D + TOF, n = 10), those at MGH were 

scanned on a Siemens Biograph mMR (voxel size = 2.1 × 2.1 × 2.0mm3, reconstruction = 

OP-OSEM, n = 31), and those at UC-Irvine were scanned on a Siemens high-resolution 

research tomograph (voxel size = 1.2 × 1.2 × 1.2mm3, reconstruction = OP-OSEM3D, n = 

49), with each site/scanner following the ADNI protocol (4 × 5 minute frames, 50–70 

minutes postinjection).36 PET data were attenuation, radioactive decay, detector 

normalization, randoms, and scatter corrected. PET data were realigned and averaged, then 

T1-weighted MRI was coregistered to averaged PET data. Standard uptake value ratio 

(SUVR) was calculated using a cerebellar cortex reference region. Regions of interest 

(ROIs) were defined by FreeSurfer v6.037 segmentations, visually inspected for accuracy, 

and SUVR was averaged in a weighted composite region, encompassing anterior cingulate, 

frontal cortex, parietal cortex, precuneus, striatum, and temporal cortex. SUVR in the 

striatum alone was further investigated across diagnostic groups, because previous work 

showed that it was the ROI with the earliest amyloid deposition in DS.4,5 Analyses were 

done without and with partial volume correction (PETSurfer38).
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Apolipoprotein Genotyping

In our imaging sample of 138 participants, a subset (n = 113) have had their DNA samples 

genotyped for 2 APOE single nucleotide polymorphisms (SNPs; rs429358 and rs7412) with 

the Kompetitive allele-specific polymerase chain reaction genotyping system by LGC 

Genomics (Berlin, Germany). Genotype data for these 2 SNPs were used to define APOE-

ε2, −ε3, and -ε4 alleles. For these analyses, individuals with at least 1 copy of the APOE-ε4 

allele were classified as APOE-ε4 carriers, which has been demonstrated to be associated 

with a 4- to 5-fold increased risk for AD in adults with DS.39 Also, as the presence of an 

APOE-ε2 allele has been shown to be protective against AD in adults with DS,40 individuals 

with APOE-ε2/ε4 (n = 2) were excluded from all APOE analyses.

Statistical Analysis

Each biomarker had a slightly different sample size due to not completing the scan or poor 

scan quality due to motion or truncated acquisition (WMH, n = 124; enlarged PVS, n = 130; 

infarcts, n = 127; microbleeds, n = 94). Whether data were missing was unrelated to age, 

APOE-ε4, or diagnostic group for WMH volume, enlarged PVS, or infarct status. However, 

microbleed reads were more likely to be missing for older adults. Associations between 

demographic data, including age, sex, and APOE-ε4, and neuroimaging markers of 

cerebrovascular disease were tested with linear or logistic regressions, t tests, or chi-squared 

tests. For analyses involving age, a linear model fit better than a quadratic model. Age 

analyses were rerun in only CS participants to separate the effects of age and diagnosis.

General linear models were used to test a monotonic increase of WMH volume and PVS 

scores across diagnostic groups (CS, MCI-DS, possible AD dementia, definite AD 

dementia), whereas logistic regression models were used to test whether the presence of 

infarcts or microbleeds differed across groups. We examined the relationship among 

cerebrovascular and amyloid markers with a similar set of general linear and logistic 

regression models. Analyses involving regional WMH associations were corrected using the 

false discovery rate.41

We performed 2 separate post hoc analyses. First, to explore the robustness of our findings 

by diagnostic group, we combined possible and definite AD dementia into a single group. 

Second, to explore the extent to which vascular marker differences across diagnostic groups 

and demographic data are attributable to CAA, which we operationally defined as the 

presence of at least 1 microbleed,26 we reran analyses involving WMH, PVS, and infarct 

after adjusting for presence of cerebral microbleed. It should be noted that adjusting for 

presence of microbleeds reduced the sample size of other vascular biomarkers to the number 

of available microbleed reads. All statistical tests were performed in SPSS Statistics v26 

(IBM, Armonk, NY), adjusted for site/scanner in this multisite study.

Results

Demographic characteristics across diagnostic groups for participants with MRI are 

presented in Table 1. Compared with CS participants, those with cognitive decline (MCI-DS, 

possible or definite AD dementia) were older, had a greater proportion of APOE-ε4 carriers, 
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and had a similar sex distribution. The proportion of participants with various vascular risk 

factors across diagnostic groups was different for type 1 diabetes and systolic blood 

pressure, but not for traditional vascular risk factors such as hypertension, type 2 diabetes, 

and high cholesterol (see Table 1). Neither type 1 diabetes nor systolic blood pressure was 

associated with vascular or amyloid biomarkers, and these were not included as covariates in 

subsequent analyses. Acetylcholinesterase inhibitor usage was greater in those with 

cognitive decline (MCI-DS, possible or definite AD dementia), as expected, but statin usage 

was similar across diagnostic groups (see Table 1). Demographic characteristics across 

diagnostic groups for the subset of participants with PET (n = 90) were similar to those with 

MRI (n = 138) in terms of increasing age and similar proportion of men and women, but the 

frequency of APOE-ε4 carriers was not different by diagnostic group (CS, 21%; MCI-DS, 

44%; possible AD dementia, 0%; definite AD dementia, 50%; χ2[3] = 7.1, p = 0.07).

Descriptively, global WMH volume, enlarged PVS, infarcts, and microbleeds were present 

even in CS individuals (Fig 2) as young as 40, 40, 41, and 42 years old, respectively. Infarct 

frequency increased most from MCI-DS to possible or definite AD dementia, whereas the 

presence of microbleeds increased most from CS to MCI-DS (see Fig 2). However, we 

observed no microbleeds in those with possible AD dementia, but observed microbleeds in 

43% of those with definite AD dementia. The proportion of individuals with detectable 

microbleeds did not differ by T2*-weighted sequence used for microbleed assessment (SWI, 

14%; GRE, 16%; χ2[2] = 0.16, p = 0.93). Of the 15 individuals with microbleeds, 13 had 1 

detectable microbleed, and 2 had 2. In terms of regional distribution, all microbleeds were 

seen in strictly lobar regions, apart from 2, which were detected in cerebellum. Overall 

findings related to microbleeds did not change after removal of individuals with cerebellar 

microbleeds or those with >1 microbleed. Assessment of global amyloid levels indicated 

most individuals had measurable pathophysiology, as expected for their age range (>40 

years4,6). Note that the change in global amyloid SUVR due to partial volume correction 

increased across diagnostic groups (CS < MCI-DS, possible AD dementia, definite AD 

dementia; p = 0.002), suggesting that neurodegeneration begins in the MCI-DS stage along 

the AD continuum.

There were age-associated increases in global WMH volume (driven by frontal, parietal, and 

occipital lobes), enlarged PVS score, and infarcts, but not microbleeds (Tables 2 and 3). 

There were age-associated increases of amyloid globally (see Table 2) and in the striatum 

after partial volume correction (see Table 3). Restricting the analysis to the CS group, higher 

age was not associated with global WMH volume, enlarged PVS score, infarcts, 

microbleeds, or global amyloid (see Table 2). Regionally, within the CS group, higher age 

was associated with higher WMH volume in the frontal and occipital lobes, but not with 

amyloid in the striatum, regardless of partial volume correction (see Table 3). There were no 

sex or APOE-ε4 differences in global WMH volume, enlarged PVS score, infarcts, 

microbleeds, or global amyloid (see Table 2). Regionally, there was greater WMH volume in 

the occipital lobe in men compared to women and in the temporal lobe in APOE-ε4 carriers 

compared to noncarriers, but no sex or APOE-ε4 differences in striatal amyloid (see Table 

3). After multiple comparisons correction, higher age was associated with higher WMH 

volume in the frontal, parietal, and occipital lobes in all participants, and men had greater 

WMH volume in occipital lobe compared to women.
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Global WMH volume increased monotonically across diagnostic groups (CS < MCI-DS < 

possible AD dementia < definite AD dementia), even after age adjustment (see Table 2). 

This effect was attributable primarily to WMH in the parietal and temporal lobes and, to a 

lesser extent, in the frontal lobe (see Table 3). After multiple comparisons correction, there 

was a monotonic increase across diagnostic groups (CS < MCI-DS < possible AD dementia 

< definite AD dementia) in WMH volume in the temporal and parietal lobes; the increase in 

parietal lobe survived age adjustment. Enlarged PVS scores and infarcts also increased 

across diagnostic groups, but not with age adjustment (see Table 2). Finally, microbleeds did 

not increase across diagnostic groups, regardless of age adjustment (see Table 2). As 

expected from the pathological definition of AD, global amyloid increased across diagnostic 

groups, even after age adjustment (see Table 2), and in the striatum alone (see Table 3). The 

diagnosis-related increase in amyloid was more apparent with partial volume correction (see 

Tables 2 and 3).

Greater enlarged PVS score was associated with greater global WMH volume, but this 

association did not survive age adjustment (Table 4). The presence of infarcts was associated 

with greater global WMH volume and greater enlarged PVS score, even after age adjustment 

(see Table 4). Greater global amyloid was associated with the presence of infarcts; this 

association was not significant with age adjustment (see Table 4).

In post hoc analyses, combining possible and definite AD dementia (Supplemental Table 

S1), there was a monotonic increase across diagnostic groups in global WMH, WMH in all 

lobes, enlarged PVS score, global amyloid (with and without partial volume correction), and 

striatal amyloid (with and without partial volume correction). Additionally, adjusting for 

age, there was a monotonic increase across diagnostic groups in global WMH (and in 

temporal and parietal lobes), global amyloid (with and without partial volume correction), 

and striatal amyloid (with and without partial volume correction). Adjusting for microbleeds 

(Supplemental Table S2), there was a monotonic increase across diagnostic groups in global 

WMH (and in temporal and parietal lobes), global amyloid (with and without partial volume 

correction), and striatal amyloid (with and without partial volume correction). Additionally 

adjusting for age did not change results.

Discussion

There is much debate about the primary role of cerebrovascular changes in AD pathogenesis 

and progression. Because the vast majority of individuals with DS develop clinical AD but 

have a low prevalence of vascular risk factors, the examination of MRI markers of 

cerebrovascular disease in this population provides insight into AD-related cerebrovascular 

disease progression. Very few participants had traditional vascular risk factors, including 

hypertension and type 2 diabetes, but image-based biomarkers of cerebrovascular disease 

were prominent. Our study uniquely reports the frequency of 4 image-based cerebrovascular 

biomarkers across the AD continuum in older adults with DS. As with the risk for 

amyloidosis and AD symptomatology in DS,3 cerebrovascular markers, particularly WMH 

volume, increased with age; yet what was most striking was the increase across clinical AD 

diagnostic categories in a “dose-dependent,” monotonic manner across diagnostic groups 

(CS < MCI-DS < possible AD dementia < definite AD dementia). Although cerebrovascular 
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markers were prevalent and associated with diagnosis, they were not strongly associated 

with amyloid pathology, particularly after adjustment for their shared association with age. 

We conclude that cerebrovascular disease may be a fundamental feature of AD in adults 

with DS that tracks with clinical progression of the disease.

Our conclusion is supported by studies in autosomal dominant AD, which like AD in adults 

with DS can be considered a highly penetrant genetic form of AD. We previously examined 

autosomal dominant AD, which included younger adults with generally low vascular risk, 

and found that MRI markers of cerebrovascular disease were prevalent and elevated ≤20 

years before expected symptom onset.17 In late onset AD, increased image-based markers of 

cerebrovascular disease are well documented42 and place asymptomatic individuals at 

increased risk for clinical AD.43 Although it is now apparent that most individuals with 

clinical late onset AD have mixed brain pathology,44 the increased cerebrovascular disease is 

typically cited as comorbidity that contributes additively to clinical symptoms, not a 

component of disease pathogenesis or fundamental to disease progression. However, our 

findings support an alternative hypothesis that—at least in subgroups of adults—

cerebrovascular changes are core features of the development of AD and not a separate 

comorbid pathology.

The increase in WMH with age is well documented in the general population (95–96% of 

those aged >60 years45,46 and 100% of those aged >65 years47 in the general population). In 

these adults with DS, 100% had detectable WMH (range = 0.01–23.0cm3). When 

considering regional distribution of WMH, we found that the monotonic increase across 

diagnostic groups, above and beyond age, was most prominent in the parietal lobe, 

consistent with previous work in autosomal dominant AD and in late onset AD.16,43 When 

combining possible and definite AD dementia groups, this diagnosis-associated increase was 

observed more posterior, in the occipital lobe, suggesting that this effect was not observed 

initially because occipital WMH may develop early and may not continue to increase with 

increasing AD severity; this additional finding is consistent with occipital WMH developing 

earlier compared to parietal WMH in autosomal dominant AD.17 The prevailing model 

regards WMH formation as the result of ischemic damage in small vessels secondary to 

chronic hypoperfusion.48 It is unclear why posterior WMH are most specifically associated 

with AD risk, but it is interesting to note that AD-associated markers of metabolism, blood 

flow, and neurodegeneration converge in posterior brain regions.49 Cerebral amyloid 

angiopathy also has a propensity for posterior brain distribution,50 but after statistical 

adjustment for presence of cerebral microbleeds, a biomarker for CAA, our observations of 

WMH increases across diagnostic groups remained, suggesting that posterior increases in 

WMH are not simply a reflection of CAA. It is possible that chronic hypoperfusion in 

posterior regions, particularly in the watershed zones that comprise the parietal lobes, 

induces ischemic damage and promotes tau-mediated neurodegeneration.51 Some have 

argued that the posterior distribution of WMH in AD is secondary to tau-related pathology 

in a Wallerian-like pattern of axonal degeneration and not to ischemic injury.52 This pathway 

may also contribute to overall WMH burden, but the overwhelming evidence implicates 

ischemia in WMH pathogenesis.48 Furthermore, WMH predict accumulating tau pathology 

and not vice versa53; white matter fibers that directly connect cortical regions (so-called “U-

fibers”), which would ostensibly be affected by proximal cortical tau pathology and 
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neurodegeneration, are generally spared from WMH in aging and AD,54 and WMH 

formation typically precedes neurodegenerative changes related to AD and predicts future 

progression.43

Large-vessel ischemic damage may manifest as cavitated infarcts often attributable to 

arterial occlusion secondary to local arterial disease or embolism. We observed infarcts in 

CS participants ≥40 years old and that those with infarcts had greater WMH volumes and 

greater enlarged PVS scores, similar to associations in the general population.55,56 The 

increase in infarcts across diagnostic groups was not independent of age. Cardiovascular 

defects can potentially cause infarcts in individuals with DS, but there were no differences in 

congenital heart disease across the diagnostic groups.

There is interest in the role of PVS in the clearance of amyloid and other toxins in the aging 

brain.57 The increase of enlarged PVS score with age in the young, CS participants mirrored 

that in the older, general population (mean age = 68 years56). Qualitatively, the increase of 

enlarged PVS we observed in these participants with DS is similar to what we have seen in 

older adult (mean age = 71 years) community-based cohorts without DS.34 The increase 

with diagnosis, which is observed in the general population,56,58 was not reliable in adults 

with DS after age adjustment, and we did not observe a relationship with amyloid burden. 

Given that individuals with DS overproduce amyloid throughout their lifespan, enlarged 

PVS may be due to longstanding chronic exposure to amyloid that may not be related 

linearly to amyloid pathology at any given point in time.

Cerebral microbleeds are hemorrhagic lesions that are tightly associated with soluble forms 

of beta-amyloid pathology and CAA in the context of aging and late onset AD.25,59 We 

found convergent results with previous imaging studies of CAA in symptomatic individuals 

with DS (43%; 38.5% in Carmona-Iragui et al25), such that microbleeds increased across 

diagnosis similar to that in autosomal dominant AD (25–66%)60 and in late onset AD (20–

30%).25,61 We sought to determine the extent to which these vascular findings in adults with 

DS across the AD continuum may simply be driven by CAA. The effect sizes and 

confidence intervals without and with adjustment for microbleeds were not largely different. 

We cannot preclude the possibility that the observed findings were mediated primarily by 

CAA, as a consequence of lifelong amyloid precursor protein overproduction. Previous 

work, for example, showed that in patients with CAA there were enlarged PVS in the 

centrum semiovale62 and lobar infarcts,63 whereas in patients with hypertension, there were 

enlarged PVS in the basal ganglia64 and deep infarcts.63 We used our ratings in subcortical 

white matter, which are less susceptible to blood hemodynamics (ie, hypertension) compared 

to those in basal ganglia,34 to capture PVS enlargement in the centrum semiovale and to 

parallel previous work.62 We did not observe spatial distributions of cerebrovascular disease 

biomarkers that would solely implicate CAA. Descriptively, in older adults with DS, 

enlarged PVS were observed both in the centrum semiovale (5.5 ± 4.0; 34% of the 

maximum severity rating of 16) and basal ganglia (2.9 ± 1.9; 36% of the maximum severity 

rating of 8) and infarcts were observed in the cortical lobes (15/132 = 11.4%) and deep, 

subcortical structures (6/132 = 4.5%). Potential sampling issues (ie, the possible AD 

dementia group was the smallest, none were APOE-ε4 carriers, and none had any 

microbleeds) and/or the use of 2 sequences with differing sensitivities and slice thicknesses 
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for microbleed detection may have masked an increase with age or diagnosis. We explored 

the possibility of direct associations among vascular risk factors and cerebrovascular 

biomarkers and found no associations. In the relative absence of traditional vascular risks in 

individuals with DS, it will be critical to determine what factors are mediating the increased 

burden of WMH, enlarged PVS, and infarcts. It is possible that neuroinflammatory 

processes, which are elevated in DS,65 and/or genetic factors coded on chromosome 2166–68 

or even beyond chromosome 21 (eg, gene interactions), may initiate or mediate arterial 

disease, independent of both amyloid pathology and vascular risk exposures, but in manner 

that is fundamental to AD. In this conceptualization, the severity and impact of 

cerebrovascular disease might be amplified in the presence of vascular risk factors, as is 

common among older adults in the general population, but vascular risk factors would not be 

necessary for there to be a cerebrovascular component of AD pathogenesis.

Men and APOE-ε4 carriers had greater regional WMH volume, suggesting a potential 

mechanism through which men69 and APOE-ε4 carriers39 with DS have an earlier onset of 

AD, but there was a lack of sex or APOE-ε4 effect on other cerebrovascular or amyloid 

biomarkers. This analysis did not consider important causes of sex-related differences 

compared to previous studies in AD in adults with DS that consider menopause stage and 

hormonal balance.69–72 Effect sizes suggest that APOE-ε4 carriers are 3.3 times more likely 

to have a microbleed, but not more likely to have an infarct. An autopsy study demonstrated 

that APOE-ε4 carriers had higher cerebral amyloid angiopathy but were not different from 

noncarriers in cortical microinfarcts.73 The directionality of the APOE-ε4 effect on global 

amyloid aligns with previous research that indicates a 4- to 5-fold increase in risk for AD in 

adults with DS,39,69,74 but could be masked (eg, no APOE-ε4 carriers in the possible AD 

dementia group).

In studies of AD in adults with DS, age is a large confound for AD diagnosis and for 

amyloid accumulation, which begins at birth and continues throughout life because of the 

triplication of chromosome 21. Here we observe image-based cerebrovascular biomarkers in 

adults with DS in their 40s. The age effect in adults with DS requires careful consideration, 

and can be best disentangled through large-scale longitudinal studies such as the ongoing 

study from which these data were collected. We attempted to investigate age-related 

increases that are distinct from AD diagnosis-related differences by restricting analyses to 

CS individuals only, but the relatively small sample and restricted age range may have had 

an impact on statistical testing. Age effects should be assessed in larger studies that include 

individuals with DS across the adult lifespan. We speculate that there is an inflection point, 

perhaps around age 40 years, where cerebrovascular disease begins to emerge in adults with 

DS. Nonetheless, it is important to note that we observed reliable differences in markers of 

cerebrovascular disease across diagnostic groups that were not simply attributable to age 

differences between the groups. Future studies should continue to investigate the role of 

cerebrovascular disease in AD in adults with DS, potentially as a core feature of AD and not 

necessarily as simply a comorbidity.

This work establishes the presence of MRI cerebrovascular disease markers in adults with 

DS and their relationship to AD-related clinical states. It will be critical to follow these 

observations with an in-depth examination of the potential mechanistic mediators in the 
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relationship between cerebrovascular disease and AD clinical diagnoses in this population, 

the interaction of these cerebrovascular markers with other AD-related biomarkers, and the 

emergence of cerebrovascular changes across the entire adult lifespan in both cross-sectional 

and longitudinal contexts. Most experimental therapeutic approaches for late onset AD have 

focused on the precipitating role of amyloid pathology, but these approaches have generally 

been unsuccessful in clinical trials.75 Consideration of cerebrovascular pathways that are 

potentially involved in pathogenesis and symptom expression point to important new 

therapeutic avenues for AD prevention and treatment in adults with DS and in the general 

population.
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FIGURE 1: 
Examples of the cerebrovascular markers considered in the current study from typical study 

participants. (A) Distributed white matter hyperintensities displayed on T2-weighted fluid-

attenuated inversion recovery (FLAIR) scan (left) labeled with in-house–developed software 

(right). (B) Widespread enlarged perivascular spaces throughout the white matter 

appreciated on T1-weighted scans in 2 participants displayed in axial (left) and coronal 

(right) orientations. (C) Lobar microbleeds in 2 study participants displayed on axial 

susceptibility-weighted images. (D) Cerebral infarcts in 2 participants displayed on axial T2-

weighted FLAIR scans.
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FIGURE 2: 
Cerebrovascular markers and global amyloid standard uptake value ratio (SUVR) across 

diagnostic groups. Severity and presence of cerebrovascular markers and amyloid SUVR 

increased across diagnostic groups. Scatter points represent individual values, bars represent 

mean values, and errors bars represent 95% confidence intervals. AD = Alzheimer disease; 

MCI-DS = mild cognitive impairment–Down syndrome; PVC = partial volume correction; 

PVS = perivascular space; WMH = white matter hyperintensity.
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TABLE 1.

Demographic Features across the Diagnostic Groups for the Complete Subgroup That Completed Magnetic 

Resonance Imaging

Feature Total
Cognitively 
Stable MCI-DS

Possible AD 
Dementia

Definite AD 
Dementia Test Statistic

n 138 91 28 7 12

Demographic

 Age, yr 50 ± 7 49 ± 7 53 ± 6 55 ± 8 57 ± 7 F(3) = 8.4, p = 4E-5
a

 Women, n (%) 54 (39%) 39 (43%) 6 (21%) 4 (57%) 5 (42%) χ2(3) = 5.2, p = 0.16

 APOE4 carrier, n (%) 32 (28%) 16 (22%) 9 (41%) 0 (0%) 7 (64%) χ2(3) = 12.5, p = 0.006
a

Vascular risk

 Hypertension, n (%) 10 (7%) 6 (7%) 2 (7%) 0 (0%) 2 (17%) χ2(3) = 2.2, p = 0.54

 Hypotension, n (%) 18 (13%) 12 (13%) 5 (18%) 1 (14%) 0 (0%) χ2(3) = 2.4, p = 0.50

 Blood pressure, systolic/
diastolic, mmHg

110 ± 
14/66 ± 10 110 ± 13/67 ± 10 105 ± 

14/63 ± 10
106 ± 16/63 ± 

8
120 ± 15/66 ± 

10
F(3) = 3.2, p = 0.02

a
/

F(3) = 1.2, p = 0.30

 Type 1 diabetes, n (%) 2 (2%) 0 (0%) 2 (8%) 0 (0%) 0 (0%) χ2(3) = 8.0, p = 0.05
a

 Type 2 diabetes, n (%) 8 (6%) 6 (7%) 2 (8%) 0 (0%) 0 (0%) χ2(3) = 1.4, p = 0.70

 High cholesterol, n (%) 57 (42%) 38 (42%) 14 (50%) 1 (14%) 4 (33%) χ2(3) = 3.3, p = 0.35

 Congenital heart disease, 
n (%) 24 (26%) 16 (28%) 5 (22%) 2 (67%) 1 (13%) χ2(3) = 3.6, p = 0.30

 Hyperthyroidism, n (%) 4 (3%) 3 (3%) 0 (0%) 1 (14%) 0 (0%) χ2(3) = 4.5, p = 0.22

 Hypothyroidism, n (%) 85 (62%) 58 (64%) 19 (68%) 2 (29%) 6 (50%) χ2(3) = 4.7, p = 0.20

 Syncope, n (%) 24 (26%) 16 (28%) 6 (26%) 0 (0%) 2 (25%) χ2(3) = 1.1, p = 0.77

 Sleep apnea, n (%) 44 (39%) 24 (33%) 14 (54%) 2 (33%) 4 (44%) χ2(3) = 3.8, p = 0.29

Medication

 Statins, n (%) 44 (32%) 28 (31%) 13 (46%) 0 (0%) 3 (25%) χ2(3) = 6.3, p = 0.10

 Acetylcholine esterase 
inhibitors, n (%) 20 (14%) 5 (5%) 7 (25%) 3 (43%) 5 (42%) χ2(3) = 20, p = 2E-4

a

a
Significant at p < 0.05.

AD = Alzheimer disease; MCI-DS = mild cognitive impairment–Down syndrome.
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TABLE 2.

Associations of Cerebrovascular and Amyloid Biomarkers with Demographic Features and Diagnostic Groups

Feature/
Group

Global White Matter 
Hyperintensity 
Volume

Enlarged 
Perivascular 
Spaces Infarcts Microbleeds

Global 
Amyloid 
SUVR

Global Amyloid 
SUVR with 
Partial Volume 
Correction

Age 0.14 [0.04, 0.24]

p = 0.004
a

0.17 [0.07, 0.27]

p = 0.001
a

1.1 [1.0, 1.2]

p = 0.02
a

1.1 [1.0, 1.2]
p = 0.09

0.01 [0.002, 
0.02]

p = 0.001
a

0.02 [0.01, 0.03]

p = 2E-4
a

Age 
(cognitively 
stable only)

0.13 [0.01, 0.25]

p = 0.04
a

0.03 [−0.11, 0.17]
p = 0.67

1.1 [0.44, 2.6]
p = 0.89

1.1 [0.95, 1.3]
p = 0.16

0.002 [−0.006, 
0.1]

p = 0.70

0.007 [−0.003, 
0.02]

p = 0.20

Sex (F > M) −1.2 [−2.6, 0.19]
p = 0.11

−0.80 [−2.3, 0.65]
p = 0.28

1.2 [0.45, 3.4]
p = 0.69

1.0 [0.30, 3.4]
p = 0.98

−0.03 [−0.15, 
0.09]

p = 0.59

−0.06 [−0.22, 0.10]
p = 0.50

APOE-ε4 
(carrier > 
noncarrier)

1.2 [−0.47, 2.9]
p = 0.15

0.70 [−1.0, 2.4]
p = 0.43

1.0 [0.32, 3.2]
p = 0.99

3.3 [0.91, 12.1]
p = 0.08

0.06 [−0.08, 
0.20]

p = 0.42

0.04 [−0.14, 0.22]
p = 0.64

Diagnosis 2.8 [1.0, 4.6]

p = 0.003
a

2.2 [0.42, 4.0]

p = 0.02
a

1.6 [1.0, 2.5]

p = 0.05
a

1.4 [0.84, 2.5]
p = 0.19

0.26 [0.12, 
0.40]

p = 3E-4
a

0.36 [0.18, 0.54]

p = 9E-5
a

Diagnosis, 
adjusted for 
age

2.3 [0.46, 4.1]

p = 0.02
a

1.4 [−0.48, 3.3]
p = 0.14

1.3 [0.82, 2.2]
p = 0.25

1.3 [0.69, 2.3]
p = 0.46

0.24 [0.10, 
0.38]

p = 0.001
a

0.33 [0.15, 0.51]

p = 5E-4
a

Each row represents a separate model. Parameters represent unstandardized, mean differences, or odds ratios and their 95% confidence intervals.

a
Significant at p < 0.05.

F = female; M = male; SUVR = standard uptake value ratio.
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TABLE 3.

Regional Associations of White Matter Hyperintensity and Amyloid Biomarkers with Demographic Features 

and Diagnostic Groups

Feature/
Group

Frontal White 
Matter 
Hyperintensity 
Volume

Temporal White 
Matter 
Hyperintensity 
Volume

Parietal White 
Matter 
Hyperintensity 
Volume

Occipital White 
Matter 
Hyperintensity 
Volume

Striatal 
Amyloid 
SUVR

Striatal 
Amyloid 
SUVR with 
Partial Volume 
Correction

Age 0.07 [0.03, 0.11]

p = 0.006
a

0.01 [−6E-3, 0.03]
p = 0.43

0.02 [4E-4, 0.04]

p = 0.02
a

0.05 [0.03, 0.07]

p = 0.001
a

0.01 [2E-3, 
0.02]

p = 0.06

0.01 [2E-4, 
0.02]

p = 0.008
a

Age 
(cognitively 
stable only)

0.07 [0.01, 0.13]

p = 0.02
a

0.01 [−6E-3, 0.03]
p = 0.43

0.02 [4E-4, 0.04]
p = 0.14

0.04 [1E-3, 0.08]

p = 0.04
a

−1E-3 
[−0.02, 0.02]

p = 0.85

2E-3 [−0.01, 
0.01]

p = 0.66

Sex (F > M) −0.31 [−1.0, 0.38]
p = 0.39

−0.13 [−0.37, 0.11]
p = 0.30

−0.12 [−0.41, 0.17]
p = 0.41

−0.54 [−0.95, 
−0.13]

p = 0.01
a

−0.06 
[−0.18, 0.06]

p = 0.28

−0.09 [−0.23, 
0.05]

p = 0.22

APOE-ε4 
(carrier > 
noncarrier)

0.32 [−0.52, 1.2]
p = 0.46

0.34 [0.07, 0.61]

p = 0.02
a

0.30 [−0.05, 0.65]
p = 0.09

0.16 [−0.33, 0.65]
p = 0.54

0.09 [−0.05, 
0.23]

p = 0.17

0.13 [−0.03, 
0.29]

p = 0.09

Diagnosis 1.1 [0.24, 2.0]

p = 0.01
a

0.39 [0.08, 0.70]

p = 0.01
a

0.82 [0.47, 1.2]

p = 2E-5
a

0.44 [−0.11, 0.99]
p = 0.11

0.20 [0.06, 
0.34]

p = 0.005
a

0.23 [0.07, 
0.39]

p = 0.004
a

Diagnosis, 
adjusted for 
age

0.90 [−2E-3, 1.8]
p = 0.06

0.40 [0.08, 0.72]

p = 0.01
a

0.76 [0.39, 1.1]

p = 9E-5
a

0.25 [−0.48, 0.98]
p = 0.37

0.19 [0.05, 
0.33]

p = 0.007
a

0.22 [0.06, 
0.38]

p = 0.008
a

Each row represents a separate model. Parameters represent unstandardized, mean differences, or odds ratios and their 95% confidence intervals.

a
Significant at p < 0.05.

F = female; M = male; SUVR = standard uptake value ratio.
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TABLE 4.

Associations between Cerebrovascular and Amyloid Biomarkers

Global White Matter Hyperintensity 
Volume Enlarged Perivascular Spaces Inforcts Microbleeds

Unadjusted

 Enlarged perivascular 
spaces

0.25 [0.05, 0.45]

p = 0.01
a

— — —

 Infarcts 2.9 [0.98, 4.8]

p = 0.004
a

3.2 [1.2, 5.2]

p = 0.002
a

— —

 Microbleeds 1.4 [−0.56, 3.4]
p = 0.18

0.75 [−1.6, 3.1]
p = 0.53

1.4 [0.34, 6.1]
p = 0.63

—

 Global amyloid SUVR 0.10 [−0.35, 0.55]
p = 0.67

1.6 [−1.6, 4.9]
p = 0.35

5.5 [0.87, 34.5]
p = 0.08

3.7 [0.52, 26.0]
p = 0.20

 Global amyloid SUVR 
with partial volume 
correction

0.07 [−0.28, 0.42]
p = 0.69

1.6 [−0.75, 4.0]
p = 0.19

4.1 [0.99, 16.6]

p = 0.05
a

2.4 [0.54, 10.7]
p = 0.25

Age-adjusted

 Enlarged perivascular 
spaces

0.19 [−0.006, 0.39]
p = 0.06

— — —

 Infarcts 2.4 [0.52, 4.3]

p = 0.02
a

2.5 [0.56, 4.4]

p = 0.01
a

— —

 Microbleeds 0.84 [−1.1, 2.8]
p = 0.40

−0.37 [−2.5, 1.8]
p = 0.74

0.99 [0.22, 4.5]
p = 0.99

—

 Global amyloid SUVR −0.11 [−0.58, 0.36]
p = 0.65

−0.42 [−3.6, 2.7]
p = 0.80

2.3 [0.32, 16.3]
p = 0.42

3.0 [0.29, 31.6]
p = 0.36

 Global amyloid SUVR 
with partial volume 
correction

−0.11 [−0.48, 0.26]
p = 0.55

0.02 [−2.3, 2.4]
p = 0.99

2.2 [0.40, 12.5]
p = 0.32

2.0 [0.36, 10.9]
p = 0.43

Each row represents a separate model. Parameters represent unstandardized, mean differences, or odds ratios and their 95% confidence intervals.

a
Significant at p < 0.05.

SUVR = standard uptake value ratio.
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