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Abstract

INTRODUCTION:We assessed pseudo-continuous arterial spin labeling (pCASL) sen-

sitivity to detect changes in cerebral blood flow (CBF) in adults with Down syndrome

(DS) along the Alzheimer’s disease (AD) continuum and explored the similarity with

sporadic AD (sAD) hypoperfusion profile.

METHODS: Fifty-one euploid cognitively unimpaired individuals, 54 adults with DS

(34.54% symptomatic for AD), and 25 sADpatients underwent 3Tmagnetic resonance
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imaging. pCASL images were preprocessed using ASLprep. Analyses explored, globally

and regionally, theeffects of demographic variables, clinical stages, andADbiomarkers.

RESULTS: Age and sex differently impacted CBF in euploids versus the DS pop-

ulation. Asymptomatic DS showed temporo-parietal hypoperfusion, extending into

frontal areas in symptomatic cases. This pattern closely resembled sAD’s pattern and

correlated with AD biomarkers.

DISCUSSION: Adults with DS present CBF changes before symptom onset, primar-

ily affecting posterior regions as in sAD. pCASL is a sensitive imaging modality that

captures early AD-related functional abnormalities in DS.

KEYWORDS

Alzheimer’s disease, arterial spin labeling, arterial transit time, brain perfusion, Down syndrome,
magnetic resonance imaging, neuroimaging

Highlights

∙ Perfusion is negatively affected by age and correlates with Alzheimer’s disease (AD)

biomarkers in Down syndrome (DS).

∙ Hypoperfusion in DS was observed even before the onset of the AD clinical

symptoms.

∙ The pattern of hypoperfusion in the DS population resembles the one observed in

the sporadic AD population.

1 BACKGROUND

Individuals with Down syndrome (DS) face an ultra-risk of developing

Alzheimer’s disease (AD).1 This heightened risk is primarily attributed

to the triplication of chromosome 21, which contains the amyloid pre-

cursor protein (APP) gene. An overexpression of this gene is both

necessary and sufficient to drive early-onset ADpathology.1 In individ-

uals with DS, decreases in cerebrospinal fluid (CSF) amyloid beta (Aβ)
begin to occur around age 30,1,2 and both CSF and plasma tau levels

follow by age 35.1

While several studies have examined the pattern of gray matter

(GM) atrophy associated with AD in individuals with DS,3–7 there

is limited knowledge about brain perfusion in this population. Yet,

growing evidence in sporadic AD (sAD) indicates that early changes in

cerebral blood flow (CBF) can be detected using arterial spin labeling

magnetic resonance imaging (ASL-MRI).8 Indeed, previous studies

consistently revealed reductions in CBF of ≈ 10% to 20% in sAD, often

preceding detectable memory deficits.9,10 These perfusion abnormal-

ities are predominantly observed in regions typically affected by AD

pathology, including the temporoparietal cortex, posterior cingulate,

precuneus, and medial parietal cortex.9 Moreover, these CBF reduc-

tions correlate with the severity of cognitive impairment and predict

progression from normal cognition tomild cognitive impairment (MCI)

and fromMCI to AD.9,11

To our knowledge, only one study has assessed brain perfusion in

adults with DS using pulsed ASL-MRI (pASL). This study reported a

significant association between AD clinical severity and reduced total

GM CBF.12 Notably, the authors observed a steep decline in CBF by

age 45 when analyzing its relationship to age. While these findings

suggest that pASL can detect CBF changes in DS, the pathological cor-

relates of these alterations and the regional pattern of brain perfusion

associated with AD in adults with DS remain poorly understood. Addi-

tionally, changes in arterial transit time (ATT) have not yet been studied

in the DS population. This ASL MRI parameter quantifies the time

required for labeled blood to travel from the labeling plane to brain

tissue and provides core information about early vascular dysfunction

and perfusion efficiency.

The main aim of this study was to provide a comprehensive view

of the topography of CBF and ATT alterations in individuals with DS

along the AD continuum. Specifically, we used pseudo-continuous ASL

(pCASL) to characterize and compare the pattern of CBF and ATT

alterations in DS at different clinical stages of AD to those observed

in euploid cognitively unimpaired (eCU) individuals and sAD patients.

We further investigated the effect of demographic factors, such as

age and sex, on these regional ASL metrics and explored relationships

with AD and cerebrovascular biomarkers to better understand their

pathological substrates in sAD andDS.

2 METHODS

2.1 Study participants

This cross-sectional study was conducted at a single center. Adults

with DS aged ≥ 18 were recruited from the population-based Down-

Alzheimer Barcelona Neuroimaging Initiative (DABNI).13 The eCU
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individuals and patients with sAD were recruited from the Sant Pau

Initiative onNeurodegeneration (SPIN) study.14 Only participantswith

MRI scans that included both T1-weighted and ASL imaging were

included in the present study.

The Sant Pau Ethics Committee approved both projects following

the standards for medical research in humans recommended by the

Declaration of Helsinki. All participants or their legally authorized rep-

resentatives gavewritten informed consent before enrolment for their

medical information to be used for scientific research, following the

local ethics committee guidelines.

2.2 Clinical and neuropsychological assessment

Participants were screened for apolipoprotein E (APOE) haplotype

and underwent a comprehensive neurological and neuropsychological

evaluation. For theDABNI cohort, this evaluation includes, among oth-

ers, the Spanish version of the Cambridge Cognitive Examination for

Older Adults with Down Syndrome (CAMCOG-DS), a tool designed to

assess global cognition by evaluating multiple cognitive domains such

as orientation, language, memory, attention, praxis, abstract thinking,

and perception.15,16 Based on a consensus meeting involving both a

neurologist and a neuropsychologist, masked from biomarker data,

the DS participants were classified into distinct clinical groups. The

classifications included: asymptomatic (aDS), for individuals without

clinical or neuropsychological signs suggestive of cognitive impair-

ment; prodromal stage (pDS), for those showing suggestive symptoms

of cognitive impairment that do not meet dementia criteria; and

dementia (dDS), for individuals with a clear diagnosis of cognitive

impairment that leads to a loss of baseline functionality.17 Additionally,

some individuals were categorized as having an uncertain diagnosis or

non–AD-related neurocognitive disorder (i.e., a medical, pharmacolog-

ical, or psychiatric condition interferingwith cognition and/or activities

of daily living, but no suspicion of AD). The Diagnostic and Statisti-

cal Manual of Mental Disorders, Fifth Edition, was used to stratify

the level of intellectual disability (ID) of individuals with DS. Based on

the individuals’ best-ever level of functioning, it was classified as mild,

moderate, or severe/profound.18

Participants in the SPIN cohort underwent a standardized neu-

ropsychological assessment to evaluate multiple cognitive domains,

including episodic verbal memory, visual memory, attention, executive

functions, visuoperceptive, and visuoconstructive abilities, as well as

language.Additional evaluations includedassessments of neuropsychi-

atric symptoms, functional impact, and global cognitive impairment.19

The clinical diagnosis of the sporadic AD group, enabling the iden-

tification of individuals in the MCI and dementia stages of AD, was

established following the National Institute on Aging–Alzheimer’s

Association (NIA-AA) criteria.20,21 In a subset of individuals with avail-

able fluid biomarkers, these biomarkers subsequently confirmed the

presence of AD.

eCU participants were required to meet stringent inclusion criteria

to ensure the absence of cognitive or neurological disorders. Partici-

pants were required to have a Clinical Dementia Rating (CDR) score

RESEARCH INCONTEXT

1. Systematic review: Growing evidence suggests that

changes in brain hypoperfusion precede cognitive deficits

in Alzheimer’s disease (AD). In individuals with Down

syndrome (DS), a genetically determined form of AD, pre-

vious studies have demonstrated significantly reduced

cerebral perfusion in individualswith dementia. However,

the topography of these changes or their associations

with metrics of disease severity have not yet been well

established.

2. Interpretation: Hypoperfusion was found to increase

with age and AD clinical progression in DS, correlating

with cerebrospinal fluid biomarkers and hippocampal vol-

ume in the temporal lobe, the precuneus, supramarginal

regions, and the middle frontal lobe. These findings sug-

gest that reduced perfusion is intrinsically linked to the

underlying AD pathophysiology in DS.

3. Future directions: Future studies should compare the

sensitivity of pseudo-continuous arterial spin labeling

magnetic resonance imaging to other biomarkers of neu-

rodegeneration in AD and investigate the longitudinal

trajectory of hypoperfusion in adults with DS.

of 0 and a Geriatric Depression Scale (GDS) score of 1, along with

generally preserved cognition, as reflected by a Mini-Mental State

Examination (MMSE) score between 27 and 30 and/or a Free andCued

Selective Reminding Test (FCSRT) total immediate recall score > 7, no

significant impairments in other cognitive domains, and no evidence of

functional limitations in activities of daily living.14

2.3 Neuroimaging data

2.3.1 MRI acquisition protocol

Participants underwent an MRI protocol at the Hospital Clinic

(Barcelona, Spain) using a 3T Siemens-Prisma scanner, from which

a T1-weighted (T1w), susceptibility weighted imaging (SWI), fluid-

attenuated inversion recovery (FLAIR), and ASL scans were acquired.

T1w images were acquired using an echo time (TE) of 2.96 ms, repe-

tition time (TR) of 2300 ms, and a slice thickness of 1 mm, resulting

in a voxel size of 1 × 1 × 1 mm. SWI scans were obtained using a

TE of 20 ms, TR of 26 ms, and slice thickness of 0.75 mm, yielding a

voxel size of 0.8 × 0.8 × 0.8. FLAIR scans were obtained using a TE

of 397 ms, TR of 6000 ms, and a slice thickness of 1 mm, yielding a

voxel size of 1 × 1 × 1 mm. pCASL acquisition measured the resting

state CBF and used a 3D gradient and spin echo (GRASE) background-

suppressed sequence. A total of 26 volumes were acquired, consisting

of theM0 image followedbyadummyscanand12pairs of label-control
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images. They featured TE of 31.68 ms, TR of 4100ms, a slice thickness

of 3.50 mm, a voxel size of 3.5 × 3.5 × 3.5 mm, a labeling duration of

700ms, andmultiple 12 post-labeling delays (PLDs) of 500, 500, 1000,

1000, 1500, 1500, 2000, 2000, 2000, 2500, 2500, 2500ms.

2.3.2 Quality control

A blind and randomized systematic visual inspection of the 4D pCASL

images was conducted to ensure the quality of the acquisition. This

assessment comprised three rounds of visual evaluation. The first

round aimed to familiarize the rater (M.F.) with the dataset and iden-

tify various image artifacts, including motion, brain outside the field

of view, and mirror artifact.22 The second round focused on detect-

ing motion artifacts, while the third round was conducted to ensure

intra-rater reliability with the two previous evaluations. Overall, the

evaluations presented a high coincidence rate (98.7%) across all vol-

umes from all subjects. Volumes categorized differently during the two

rounds (35 volumes out of a total of 2760) were assessed visually one

more time.

We used an in house–developed script to exclude the specific vol-

umes exhibiting motion artifacts, which were present in < 10% of the

participants. Because these artifacts can appear in some volumes but

not others, we used a subsample of 20 participants with motion-free

pCASL acquisitions to determine how much volume deletion could be

done without affecting CBF quantification. Results showed that, if at

least one pair of control-labeled volumes for each PLDwasmaintained,

up to 7 out of 26 volumes could be removed without compromising

thequantification. Subjectswith insufficient volumes for adequateCBF

quantificationwere subsequently excluded from the analysis.We addi-

tionally excluded any subjects with a quality evaluation index (QEI)

inferior to 0.5.23

2.3.3 MRI preprocessing and CBF/ATT
quantification

The Computational Anatomy Toolbox (CAT12) for the Statistical Para-

metric Mapping 12 (SPM12; Welcome Center for Human Neuroimag-

ing) toolbox was used to preprocess the structural T1w image and

extract both the hippocampal volume and total intracranial volume

(TIV). To account for different head sizes, hippocampal volume was

divided by the TIV.

The processing and analysis of the pCASL data were carried out

using the open-source, publicly available ASLPrep software (ver-

sion 7.2).24 The anatomical preprocessing pipeline within ASLPrep

integrates fMRIPrep (version 0.6.1), a robust structural MRI (sMRI)

processing tool.25,26 This pipeline performs essential preprocessing

steps, including subject-specific averaging, bias field correction, seg-

mentation, and spatial normalization of the anatomical images. The

ASL-specific preprocessing workflow includes several steps to ensure

data quality and accuracy: reference volume selection, motion esti-

mation, co-registration, and distortion correction. After these prepro-

cessing steps, both CBF and ATT maps were generated using FSL’s

Bayesian Inference for Arterial Spin Labeling (BASIL) toolbox.27,28 CBF

reflects how much blood reaches the brain tissue and is expressed in

mL/100 g/minute. It can be influenced by ATT,29 which reflects the

time it takes for blood to travel from the labeling region to the tissue,

measured in seconds. In this study, CBF was adjusted for ATT using

the BASIL toolbox, which performs this correction automatically for

multiple PLD datasets.30 Together, CBF and ATT offer complementary

insights into the dynamics of cerebral perfusion.

Both maps were subsequently normalized to the Montreal Neu-

rological Institute (MNI) 152 standard brain template and smoothed

using a 12 mm full width half-maximum Gaussian kernel, as used in

previous studies in AD.31

To ensure the highest data quality, all preprocessed ASL images

underwent an additional visual inspection prior to inclusion in the anal-

ysis. To quantify global CBF and ATT, we extracted median values in

individualized GM masks obtained from the T1w preprocessing step,

using a graymatter probability>0.3. Tomeasure regionalCBFandATT,

we extracted the median values for each region of interest (ROI) from

the Desikan–Killiany–Tourville (DKT) atlas in the MNI space. To pre-

vent contamination from voxels outside the field of view (due to some

cut regions), only voxels with values> 0were considered. Additionally,

individual values were discarded for a given ROI if the coverage was <

75% (i.e.,< 75% of values> 0).

2.3.4 Cerebrovascular lesions

The segmentation of white matter hyperintensities (WMHs) and cere-

bral microbleeds (MBs) followed protocols previously established by

our group.32,33 In short, FLAIR images were first co-registered to their

corresponding T1w scans using Advanced Normalization Tools (ANTs).

The lesion prediction algorithm (LPA) from the Lesion Segmentation

Toolbox for SPM12was then used to generateWMHprobability maps.

These maps were binarized using a probability threshold of 0.3, and

the total WMH volume was extracted. SWI data were processed to

detect hypointense lesions indicative of MBs. Each suspected lesion

was reviewed visually and classified according to established radiolog-

ical characteristics. Finally, the participants were classified into two

groups according to the presence or absence of MBs (MB positive or

MB negative, respectively).

2.4 Fluid biomarkers

A subset of participants underwent, within 2 years of the MRI acqui-

sition, a lumbar puncture to collect CSF, which included the concen-

trations of the ratio between Aβ peptide 42 and 40 (Aβ1–42/Aβ1–40),
as well as tau phosphorylated at threonine 181 (p-tau181). These

biomarkers were quantified using a commercially available immunoas-

say on a fully automated platform (Lumipulse; Fujirebio Europe),

according to a previously published protocol.14 In the present study,

the log-transformedvalues ofCSFAβ1–42/Aβ1–40andp-tau181were
used to assess amyloid and tau pathology, respectively.
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2.5 Statistical analysis

All statistical analyseswere conductedusingR software (version4.0.4),

Python (version 3.8), and MATLAB (version 2018a). Due to the lim-

ited sample size, individuals with DS at the prodromal and dementia

stages (pDS and dDS, respectively), and euploid individuals at the

MCI and dementia stages, were grouped as symptomatic DS (sDS)

and sAD, respectively, for analysis. Baseline differences in sociode-

mographic characteristics among eCU, DS, and sAD participants were

assessedwith theRpackage “compareGroups,”which tests thenormal-

ity of continuous variables and applies parametric (analysis of variance

[ANOVA], followed by Tukey honestly significant difference [HSD] post

hoc test) or non-parametric (Kruskal–Wallis tests, followed by Dunn

post hoc test) tests as appropriate. Chi-squared tests were used for

categorical variables, including sex, ID, and APOE ε4 status.
Given the normal distribution of global GMCBF andATT data, para-

metric tests were applied throughout the statistical analysis. Linear

regression analyses were first conducted to evaluate the relationship

between both ASL metrics and age across groups, including eCU, DS

(incorporating all DS participants regardless of their disease stage),

and sAD. The effect of categorical variables (e.g., sex, presence ofMBs,

diagnostic group) on CBF and ATT was examined using either two-

sample t tests or ANOVA, followed by a post hoc pairwise Tukey HSD

test. For the effect of diagnosis, we focused on three types of com-

parisons: (1) differences between the eCU group and non-eCU groups

(eCU vs. aDS, eCU vs. sDS, eCU vs. sAD), (2) the effect of AD clin-

ical stage within DS (aDS vs. sDS), and (3) the difference between

symptomatic patients with genetic versus sporadic AD (sDS vs. sAD).

Finally, Pearson correlations and linear models were conducted to

assess the relationships between both ASL metrics and AD biomark-

ers (i.e., CSF Aβ1–42/Aβ1–40 and p-tau181, and hippocampal volume)

in both the entire population and the non-eCU subgroup (including the

aDS, sDS, and sAD). The statistical significancewas set at p= 0.05, with

Bonferroni correction applied to account for multiple comparisons.

To investigate topographic associations with CBF and ATT, voxel-

wise analyses were conducted in SPM12 using smoothed and nor-

malized images. These analyses mirrored those performed for global

CBF. Thus, linear regression models and two-sample t tests were per-

formed to assess the relationship between CBF/ATT and age, sex, and

AD biomarkers. Comparisons across diagnostic groups were assessed

using a full-factorial design. Sensitivity analyses, controlling for age and

sex, were additionally performed.

Voxelwise analyses were performed within a GM mask, exclud-

ing non-GM voxels, the cerebellum, as well as voxels not consistently

acquired in all participants (due to scanner coverage issues). Multiple

comparisons were corrected using a family-wise error (FWE) thresh-

old of p< 0.05 and aminimum cluster size of 500mm3. To detect more

subtle effects, voxelwise resultswere also presented at an uncorrected

threshold of p < 0.005 with a cluster size of k > 500 mm3. Effect size

metrics (i.e., R2 for Pearson correlations, and Cohen’s d for pairwise

group comparisons) were computed in ROIs of the DKT atlas using the

ggseg R package.34

3 RESULTS

3.1 Sample composition

Atotal of 193participants underwent a3TMRI scanwithbothT1wand

ASL images. After quality control,weexcluded17eCUsubjects, 29par-

ticipants with DS (n= 16 aDS, n= 13 sDS), and 17 sAD individuals. The

final sample comprises 130 adults, including 51 eCU adults, 54 individ-

uals with DS (n = 30 aDS, n = 19 sDS [36.84% with dementia], and 5

uDS), and 25 individuals with sAD (32% with dementia). Demographic

data are presented in Table 1. The sAD group was significantly older

(p < 0.001; median [interquartile range (IQR)]: 74.24 [67.40; 78.19])

than the eCU (57.06 [48.82; 65.12]) and DS (42.54 [37.11; 50.06])

groups. There were significant differences between groups in sex and

APOE ε4 distributions (p = 0.046 and p = 0.014, respectively). Specif-

ically, the eCU group had a greater proportion of females (66.67%)

than the DS (42.59%) and sAD (56.00%) groups. And as expected, the

sAD group had the highest proportion of APOE ε4 carriers (59.09%),

followed by the eCU (36.84%) and DS (18.52%). Regarding vascular

risk factors, hypertension was significantly more prevalent in the sAD

group (80%) compared to the eCU (22.21%) and DS (5.56%) groups

(p < 0.001). There were no significant differences for dyslipidemia

(p= 0.5) or diabetes mellitus (p> 0.9).

CSF AD biomarker data were available for 82 participants. The sAD

group had the lowest CSFAβ1–42/Aβ1–40 ratio (0.04 [0.04; 0.05]), fol-
lowed by theDS group (0.06 [0.04; 0.09]). These two groups also exhib-

ited higher concentrations of p-tau181 (100.90 [73.55; 130.80] and

40.45 [19.80; 103.53], respectively) and lower hippocampal volume

(0.0021 [0.0019; 0.0022] and 0.0023 [0.0021; 0.0025], respectively)

compared to the eCU group (p < 0.001). The detailed demographics of

the DS group are presented in Table S1 in supporting information.

3.2 Effect of age

Age was negatively associated with median global GM CBF values in

the eCU group (R2 = 0.113, p= 0.02) but not in the DS and sAD groups

(R2 = 0.03; p = 0.2, R2 = 0.03; p = 0.4, respectively; Figure 1A). Vox-

elwise analysis revealed a widespread effect of age in the eCU group,

encompassing multiple prefrontal regions, the insula, superior, mid-

dle, and inferior temporal gyri, posterior cingulate, precuneus, superior

parietal gyrus, lingual gyrus, and lateral occipital region (Figure 1C,

top panel). The ROI-based analysis showed that associations were the

strongest in the medial and lateral prefrontal and temporal regions

(Figure 1C, bottom panel). In DS, age-related effects predominated in

the left superior parietal gyrus andprecuneus, and further included iso-

lated clusters in the lingual and precentral gyri (Figure 1D, top panel).

The highest R2 values were primarily found in parieto-occipital regions

andmedial superior frontal gyrus (Figure 1D, bottompanel). In the sAD

group, only a small cluster in the inferior occipital was found to be cor-

related with age (Figure 1E, top panel). The greatest R2 values were

found inmedial and orbitofrontal regions (Figure 1E, bottom panel).
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TABLE 1 Demographics and clinical data of the participants.

eCU (N= 51) DS (N= 54) sAD (N= 25) p value

Age (Y) 57.06 [48.82; 65.12] 42.54 [37.11; 50.06] 74.24 [67.40; 78.19] <0.001

Sex, no. 0.046

Female 34 (66.67%) 23 (42.59%) 14 (56.00%)

APOE4 status, no. (%) 0.014

Carrier 14 (36.84%) 5 (18.52%) 13 (59.09%)

Non-carrier 24 (63.16%) 22 (81.48%) 9 (40.91%)

Hypertension, no. (%) <0.001

No 14 (77.78%) 51 (100.00%) 2 (20.00%)

Yes 4 (22.22%) 0 (0%) 8 (80.00%)

Dyslipidemia, no. (%) 0.5

No 15 (83.33%) 44 (86.27%) 7 (70.00%)

Yes 3 (16.67%) 7 (13.73%) 3 (30.00%)

Diabetes mellitus, no. (%) >0.9

No 18 (100.00%) 51 (98.08%) 10.00 (100.00%)

Yes 0 (0%) 1 (1.92%) 0 (0%)

AD biomarkers, median [IQR]

CSF Aβ1–42/Aβ1–40 ratio (N= 82) 0.10 [0.10; 0.11] 0.06 [0.04; 0.09] 0.04 [0.04; 0.05] <0.001

CSF p-tau181 (N= 82) 31.25 [27.18; 41.83] 40.45 [19.80; 103.53] 100.90 [73.55; 130.80] <0.001

Hippocampal volume/TIV (N= 127) 0.0026 [0.0025; 0.0027] 0.0023 [0.0021; 0.0025] 0.0021 [0.0019; 0.0022] <0.001

Abbreviations: Aβ, amyloid beta; AD, Alzheimer’s disease; APOE, apolipoprotein E; CSF, cerebrospinal fluid; DS, Down syndrome; eCU, euploid cognitively

unimpaired; IQR, interquartile range; p-tau, phosphorylated tau; sAD, sporadic Alzheimer’s disease; TIV, total intracranial volume.

Global ATT measures showed significant positive correlations with

age in both the eCU and sAD groups (R2 = 0.20, p = 0.004;

R2 = 0.40, p = 0.001, respectively), but not in DS (R2 = 0.002,

p = 0.7; Figure 1B). Voxelwise analyses identified widespread age-

related correlations with ATT in eCU predominating in the medial and

lateral occipito-parietal cortex, and expanding to the lateral temporal

lobe, insula, precentral gyrus, and putamen (Figure 1F, top panel). In

DS, no significant voxelwise correlations were observed (Figure 1G,

top panel). In sAD, associations encompassed right more than left

parieto-occipitotemporal and dorsolateral frontal regions (Figure 1H,

top panel). ROI-based analyses supported these findings, revealing the

highestR2 values primarily in the temporo-parietal regions for the eCU

group and in the inferior and superior parietal lobules for the sAD

group (Figure 1F and Figure 1H, bottom panels, respectively). In DS, no

R2 values> 0.018were found (Figure 1G, bottom panel).

3.3 Effect of sex

Significant differences in global GM CBF were observed between

females and males in the eCU and sAD groups, with females show-

ing significantly higher values than males (t = 3.54; p = 0.003 and

t = 3.32; p = 0.01, respectively). No significant between sex difference

was found in DS (t= 0.182; p= 1; Figure 2A).

When assessed voxelwise, eCU females showed higher perfusion

than males across most brain structures (Figure 2C, top panel). Exam-

ination of Cohen’s d indicated the greatest group differences in

medial occipito-parietal regions (Figure 2C, bottom panel). The oppo-

site contrast (M > F) did not reveal any significant results. In DS, no

regions exhibited a significant effect of sex in any direction (F > M

nor M > F), except for a small cluster in the middle occipital lobe

(Figure 2D, top panel). ROI analyses confirmed mostly small effect

sizes (Cohen’s d < 0.5), with females showing slightly higher perfu-

sion in some occipito-parietal and frontal regions, andmales exhibiting

slightly higher perfusion in the right temporal and orbitofrontal lobe

(Figure 2D, bottom panel). In sAD, the effect of sex was most pro-

nounced in the temporo-occipito-parietal regions in both the voxelwise

and ROI analyses. Specifically, females showed greater CBF thanmales

in the posterior and anterior cingulate cortex, precuneus, inferior and

superior parietal, and themedial and lateral occipital lobes (Figure 2E).

No significant results were found for the opposite contrast (M> F).

Between-sex differences in ATT were minimal. At the global level,

no significant differences between sexes were observed in any group

(eCU: t = −1.33, p = 0.58; DS: t = −1.11, p = 0.81; sAD: t = −0.71,
p=1; Figure 2B). Voxelwise analyses revealed higherATT inmales than

females in small clusters in the occipital pole, the calcarine and lingual

gyri, the precuneus, middle cingulate, fusiform, and inferior temporal

gyri in eCU (Figure 2F, top panel). In sAD, higher ATT in males than

females was found in the calcarine, precuneus, angular, supramarginal

gyrus, middle temporal, and occipital regions (Figure 2H, top panel),

while the opposite contrast revealed a small cluster in the precen-

tral gyrus (Figure S1 in supporting information). No regions showed a
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F IGURE 1 Effect of age on global and regional CBF and ATT. A, B, Scatterplot illustrating the association between age and global median GM
CBF (A) and ATT (B) in the eCU (green), DS (red), and sAD (purple) groups. Data points represent individual subject values, regression lines depict
group-specific trends, and shaded areas indicate 95% confidence intervals.Within the DS group, subgroups are differentiated by shapes: aDS are
represented as triangles, and sDS as squares. C–H, Results of voxelwise (top panel) and ROI (bottom panel) regression analyses showing the effect
of age on CBF in eCU (B), DS (C), and sAD (D), and on ATT in eCU (F), DS (G), and sAD (H). Images are presented in neurological orientation and
were generated using the SurfIce tool (top panel) and the ggseg R library (bottom panel). On top, the color scale indicates t values for both
FWE-corrected significance thresholds (p< 0.05, k> 500mm3) and uncorrected thresholds (p< 0.005, k> 500mm3). On the bottom, the color
scale indicates the Pearson correlation coefficients (R2 values). p(unc), p value for the uncorrected threshold. For detailed statistical values, see
Table S2 in supporting information. AD, Alzheimer’s disease; aDS, asymptomatic Down syndrome; ATT, arterial transit time; CBF, cerebral blood
flow; DS, Down syndrome; eCU, euploid cognitively unimpaired; FWE, family wise error; GM, graymatter; ROI, region of interest; p-tau,
phosphorylated tau; sAD, sporadic Alzheimer’s disease; sDS, symptomatic Down syndrome; TIV, total intracranial volume; uDS, uncertain Down
syndrome.
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F IGURE 2 Effect of sex on global and regional CBF and ATT. A, B, Boxplot illustrating differences in GMperfusion (A) and ATT (B) between
females (orange) andmales (green) in the different diagnostic groups, that is, eCU, DS, and sAD. P values for between-group differences were
computed using a t test. C–H, Results of voxelwise (top panel) and ROI (bottom panel) analyses showing the effect of sex on CBF in eCU (C), DS (D),
and sAD (E), and ATT in eCU (F), DS (G), and sAD (H). Images are presented in neurological orientation andwere generated using the SurfIce tool
(top panel) or the ggseg R library (bottom panel). On top, the color scale indicates t values for both FWE-corrected significance thresholds
(p< 0.05, k> 500mm3) and uncorrected thresholds (p< 0.005 k> 500mm3). On the bottom, the color scale represents the effect size of sex
differences (Cohen’s d). For detailed statistical values, see Table S2 in supporting information. ATT, arterial transit time; CBF, cerebral blood flow;
DS, Down syndrome; eCU, euploid cognitively unimpaired; F, females; FWE, family wise error; GM, graymatter; M, males; ROI, region of interest;
sAD, sporadic Alzheimer’s disease.



FRANQUESA-MULLERAT ET AL. 9 of 19

significant effect of sex in the DS group (Figure 2G, top panel). Overall,

the effect sizes for ATT were smaller than those for CBF but consis-

tently indicated ahigherATT inmales than in females acrossmost brain

regions and in all groups. In eCU, the effectswere the highest in the lat-

eral occipital region and adjacent posterior regions. In sAD, the highest

effect size was observed in the inferior parietal and isthmus cingulate,

while no large effect size was observed in DS (Figure 2F–H, bottom

panels).

3.4 Effect of the diagnostic group on global GM
perfusion and ATT

Between-group comparisons revealed significant differences in global

GM perfusion (F = 5.16, p = 0.002, Figure 3A) but not ATT (F = 1.97,

p = 0.12, Figure 3B). Specifically, the eCU group (median [IQR]:

73.0mL/100 g/minute [61.3, 85.6]) showed significantly greater perfu-

sion than the sDS (62.7 [51.5, 71.1], p=0.02) and sAD (57.9 [52.4, 72.0],

p = 0.007) groups, but not than aDS (70.6 [66.8, 81.6], p = 0.87). Addi-

tionally, no significant differences between sDS and sAD (p = 1) and

aDS and sDS (p = 0.18). Regarding ATT, no significant difference was

observedbetween theeCU (median [CI]: 0.859 seconds [0.783, 0.952]),

aDS (0.797 [0.738, 0.881]), sDS (0.856 [0.786, 0.902]), and sAD (0.924

[0.835, 1.01]; all p> 0.11) groups.

3.5 Pattern of CBF and ATT

The median CBF and ATT maps in each group are presented in

Figure 3C–J. In eCU, brain regions showing the highest perfusion

included the temporo-parietal and frontal regions, such as the poste-

riormiddle and superior temporal, precuneus, inferior parietal, isthmus

cingulate, and inferior frontal gyrus (Figure 3C). In aDS, the perfu-

sion decreased across the whole brain, but the topography appeared

relatively similar compared to eCU,with thehighest perfusionpredom-

inating in the posterior superior temporal gyrus, posterior cingulate,

inferior frontal gyrus, and medial occipital regions (Figure 3E). By con-

trast, both symptomatic groups (sDS and sAD) presented a clear reduc-

tion in perfusion, especially in temporoparietal structures (Figure 3G

and Figure 3I, respectively).

Regarding ATT, we found that the eCU and aDS groups shared

a similar ATT pattern (Figure 3D and Figure 3F, respectively), with

the posterior parieto-occipital showing higher ATT and the tem-

poroparietal, insula, and medial frontal regions showing lower ATT.

In symptomatic groups, the overall pattern was relatively preserved,

even though an increased ATTwas observed in parieto-occipital areas,

especially in the sAD group (Figure 3H,J).

3.6 Effect of the diagnostic group on regional
CBF

Statistical between-group comparisons showed a significant hypop-

erfusion in aDS compared to eCU in the posterior cingulate, inferior

temporal and occipital region, amygdala, and orbitofrontal cortex

(Figure 4A, left panel). This was further assessed using ROI analy-

ses, which revealed moderate to strong effect sizes in the isthmus

and rostral anterior cingulate, middle and inferior temporal gyri, as

well as in the lateral occipital region (Figure 4A, right panel). The sDS

group presented an extended pattern of hypoperfusion compared to

the eCU group, notably in lateral temporo-occipito-parietal, medial

parietal and medial frontal, posterior and anterior cingulate, and post-

central and precentral regions (Figure 4B, left panel). Effect sizes were

overall large, and predominated in the superior and inferior parietal,

supramarginal gyrus, and inferior and middle temporal and occipi-

tal cortex (Figure 4B, right panel). Similarly, a widespread pattern of

hypoperfusion was noted in the sAD group. It predominated in fronto-

temporo-parietal regions, including parts of the middle frontal gyrus,

opercularis, and orbitalis regions; the inferior parietal, supramarginal,

and isthmus cingulate areas; and superior andmiddle temporal regions,

as well as some medial temporal lobe structures such as the parahip-

pocampus (Figure 4C, left panel). Effect sizes were strongest in the

inferior andmiddle temporal gyri, the rostral and caudalmiddle frontal,

opercularis, and orbitalis regions (Figure 4C, right panel).

Comparisons between aDS and sDS revealed a significant decrease

in perfusion in the angular gyrus, inferior parietal lobe, precuneus,

and postcentral regions (Figure 4D, left panel). Effect sizes were the

strongest in these regions, even though large effect sizes were also

found in the frontal and occipital lobes (Figure 4D, right panel). Finally,

the comparisons between the two symptomatic groups, sDS and sAD,

showed minimal differences. Only a small cluster in the anterior part

of the left inferior temporal lobe showed more CBF in sDS than sAD

(Figure 4E, left panel). Effect size indicated higher perfusion in the tem-

poral lobes in sDS versus higher perfusion in medial parietal regions

in sAD (Figure 4E, right panel). Finally, aside from a small cluster

in the superior frontal showing higher perfusion in aDS versus eCU

(Figure S2 in supporting information), no patient group presented

higher perfusion than the eCU group.

Sensitivity analyses including age and sex as covariates yielded

results consistent with previous findings (Figure S3 in supporting

information). Notably, this adjustment led to a more significant and

extensive pattern of group differences between aDS and eCU, partic-

ularly in occipito-parietal and frontal regions (Figure S3A). Conversely,

it reduced the extent of hypoperfusion in sDS and sAD compared to

eCU (FigureS3B,C).DifferencesbetweenaDSversus sDSdidnot reach

significance (Figure S3D), while comparisons between symptomatic

groups remain limited (Figure S3E).

3.7 Effect of the diagnostic group on regional ATT

Comparisons of ATT between groups revealed limited differences in

DS. Specifically, the eCU group had lower ATT values than the aDS

group in small clusters in the superior and medial frontal regions

(Figure 4F, left panel), and in the caudate and putamen compared to

sDS (Figure 4G, left panel). The effect size of the group differences

was smaller than the one observed for CBF and involved primarily
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F IGURE 3 Between-group differences and diagnostic group topographical distribution for total GMCBF and ATT. Boxplot illustrating
differences in total GMCBF (A) and ATT (B) between diagnostic groups (eCU [red], aDS [green], sDS [blue], sAD [purple]) assessed using an analysis
of variance followed by Tukey honestly significant difference test. C–J, Pattern of median perfusion in eCU (C), aDS (E), sDS (G), and sAD (I), and
median ATT in eCU (D), aDS (F), sDS (H), and sAD (J). Results are presented in neurological convention andwere generated using the SurfIce tool.
The color scale indicates perfusion values in mL/100 g/minutes or ATT values in seconds. Statistically significant group differences are indicated by
asterisks: * = p< 0.05, ** = p< 0.01, *** and **** = p< 0.001. aDS, asymptomatic Down syndrome; ATT, arterial transit time; CBF, cerebral blood
flow; eCU, euploid cognitively unimpaired; GM, graymatter; sAD, sporadic Alzheimer’s disease; sDS, symptomatic Down syndrome.
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F IGURE 4 Regional CBF and ATT differences across the clinical diagnosis. A–J, Results of voxelwise (left panel) and ROI (right panel) analyses
examining differences in CBF between eCU> aDS (A), eCU> sDS (C), eCU> sAD (E), aDS> sDS (G), and sDS> sAD (I) and ATT differences
between eCU< aDS (B), eCU< sDS (D), eCU< sAD (F), aDS> sDS (H), and sDS< sAD (J). Images are presented in neurological orientation and
were generated using the SurfIce tool (left panel) or the ggseg R library (right panel). On the left, the color scale indicates t values for both
FWE-corrected significance thresholds (p< 0.05, k> 500mm3) and uncorrected thresholds (p< 0.005, k> 500mm3). On the right, the color scale
represents the effect size of diagnostic group differences (Cohen’s d). For detailed statistical values, see Table S3 in supporting information.
aDS, asymptomatic Down syndrome; ATT, arterial transit time; CBF, cerebral blood flow; eCU, euploid cognitively unimpaired; FWE, family wise
error; GM, graymatter; ROI, region of interest; sAD, sporadic Alzheimer’s disease; sDS, symptomatic Down syndrome.
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the medial occipito-temporal region in aDS (Figure 4F, right panel)

and the parietal lobe in sDS (Figure 4G, right panel). A more exten-

sive pattern of increased ATT was observed in sAD compared to eCU,

primarily involving the temporo-occipital regions, and expanding in

the angular gyrus, precuneus, and posterior cingulate, and some clus-

ters in the middle frontal gyrus (Figure 4H, left panel). Within the

DS group, aDS had lower ATT than sDS in a small cluster in the

right inferior temporal lobe (Figure 4I). Furthermore, the sDS group

had lower ATT values than the sAD group in small clusters within

the angular gyrus, inferior parietal, and inferior frontal triangularis

(Figure 4J).

Analyses controlling for age and sex resulted in a more widespread

pattern of lower ATT in eCU compared to aDS, encompassing medial

parietal and dorsolateral frontal regions (Figure S3G). Comparisons

between sDS versus eCU yield minimal differences (Figure S3H) while

differences between eCUand sADweremore restricted to lateral pari-

etal structures (Figure S3I). A similar pattern was observed between

aDS and sDS, where aDS had a lower ATT than sDS in lateral pari-

etal structures (Figure S3J). No significant differences were observed

between symptomatic groups (Figure S3K).

3.8 Relationship to AD biomarkers

In the subset of participants that underwent a lumbar puncture

(n= 82), we found a significant linear correlation (R2 = 0.13; p< 0.001)

between the global CBF and CSF Aβ1–42/Aβ1–40 levels (Figure 5A).

Regional analysis revealed widespread correlation predominating in

lateral temporo-parietal and dorsolateral frontal cortex, and further

encompassing the precuneus and posterior cingulate, the cuneus and

several occipital regions (inferior, superior, and middle occipital gyri,

and lingual gyrus), and the anterior medial temporal lobe (Figure 5B.1).

When analyses were restricted to the non-eCU group (n = 48, includ-

ing n = 13 aDS, n = 15 sDS, n = 2 uDS, and n = 18 sAD), the global

association that remained was not significant (R2 = 0.06; p = 0.1) and

the voxelwise analysis remained significant in the precuneus, anterior

temporal, and dorsolateral frontal cortex (Figure 5C.1).

A significant negative correlation was observed between total CBF

in GM and CSF p-tau181 levels in the entire population (R2 = 0.08;

p = 0.01) but not in the non-eCU group alone (R = 0.04; p = 0.16;

Figure 5A). Regional analyses were highly similar to those with CSF

Aβ1–42/Aβ1–40 and included lateral temporo-parietal and prefrontal

regions in both the entire population (Figure 5B.2) and the non-eCU

group (Figure 5C.2).

Finally, we also assessed the relationship between CBF and hip-

pocampal volume, a marker of neurodegeneration in AD. This measure

was available for almost the whole cohort; only three eCU and two

sDS subjects had missing data. Results showed that lower hippocam-

pal volume was significantly associated with lower global CBF in the

entire population (R2 = 0.086, p = 0.004) but not in the non-eCU

group (R2 = 0.005; p = 0.55; Figure 5A). Regional associations in

the entire population showed topographical similarities to previous

results, but most significant results occurred in the medial parietal

lobe (Figure 5B.3). Associations restricted to the non-eCU group were

minimal (Figure 5C.3).

In the entire cohort, total ATT in GM was not significantly asso-

ciated with CSF Aβ1–42/Aβ1–40 (R2 = 0.01, p = 0.37) and p-tau181

(R2 = 0.03, p = 0.1), but did correlate with hippocampal volume

(R2 = 0.054, p = 0.001; Figure 6A). A similar pattern was observed

when considering only the non-eCU population (CSF Aβ1–42/Aβ1–40:
R2 = 0.03, p = 0.24; CSF p-tau181: R2 = 0.05, p = 0.1; hippocampal

volume: R2 = 0.12, p = 0.003). Voxelwise and ROI analysis showed

associations involving mainly temporo-occipital regions for the three

biomarkers and further includingmedial and lateral parietal regions for

CSF p-tau181 and hippocampal volume (Figure 6B). As for the CBF,

results with the non-eCU were less significant and included mainly

the anterior temporal and dorsolateral frontal cortex for CSF biomark-

ers. For the hippocampal volume, results were extended and mirrored

those found in the entire population (Figure 6C).

3.9 Correlation with vascular imaging features

We explored the relationship between the two ASL metrics and both

the WMH volume and the presence of MBs. While total CBF in GM

was not significantly correlatedwithWMHvolume in the entire cohort

(R2 = 0.03, p= 0.09) or the non-eCUgroup (R2 =0.032, p=0.19; Figure

S4A in supporting information), modest but significant associations

were found with ATT (entire cohort: R2 = 0.05, p = 0.026; non-eCU

group: R2 = 0.06, p = 0.056; Figure S4B). Regarding MBs, their pres-

ence was associated with a significant reduction in both CBF (t = 2.11;

p= 0.04; Figure S4C) and ATT (t=−2.96; p= 0.005; Figure S4D).

4 DISCUSSION

In the present study, we used a non-invasive method, pCASL, to char-

acterize the cerebral perfusion and ATT patterns in adults with DS

along the AD continuum. Results revealed reduced brain perfusion

in aDS compared to eCU participants, in the posterior cingulate and

temporo-occipital areas. At the symptomatic stage, individualswithDS

presented a greater and more extensive pattern of cerebral hypoper-

fusion, with prominent involvement of the temporo-parietal, cingulate,

and dorsolateral frontal regions. This pattern of hypoperfusion largely

overlapped with the one observed in sAD and included areas closely

associated with AD pathology and biomarkers. Together, these results

demonstrate that pCASL is a sensitive imaging modality to capture

early functional abnormalities related to AD in adults with DS.

Our findings revealed an age-related decrease in perfusion in

eCU. Specifically, the CBF declined 0.52 units per year, and this loss

predominated in the medial parietal and fronto-temporal regions.

These results are in line with previous studies showing a decrease

in CBF in frontal and temporal regions with aging, particularly in

the frontal cortex, superior temporal cortex, precuneus, hippocampus,

and parahippocampus.35 This reduction has been linked to com-

mon age-related comorbidities, such as hypertension,36,37 sedentary
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F IGURE 5 Association between AD biomarkers and CBF. A–C, Scatterplots illustrating the association between global median GMperfusion
and CSF Aβ1–42/Aβ1–40 ratio (A), CSF p-tau181 (B), and hippocampal volume (adjusted by TIV; C). Data points represent individual subject
values, regression lines depict group-specific trends, with the dotted line for the association in the overall participants and the purple-dashed line
for the non-eCU population only. Shaded areas indicate 95% confidence intervals. Shapes represent the diagnostic groups: eCU as triangles, aDS
as circles, sDS as squares, uDS as crosses, and sAD as diamonds. Panels (D–F) and (G–I) show voxelwise (top) and ROI (bottom) analyses of the
correlation between CBF and CSF Aβ1–42/Aβ1–40 ratio (D, G), CSF p-tau181 (E, H), and hippocampal volume adjusted by TIV (F, I) in the entire
population (D–F) and the non-eCU group (G–I), respectively. Images are presented in neurological orientation andwere generated using the
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behavior,38 and preclinical AD.9,39,40 As previously reported,29 we

also observed an increase in ATT with age in the eCU population,

mainly in the temporoparietal and occipital regions. The spatial over-

lap between age-related CBF and ATT changes suggests that impaired

cerebrovascular efficiencymay be contributing to perfusion deficits.

The association with age and both CBF and ATT was much less evi-

dent in DS, suggesting that the variance in these metrics might be

driven by pathological factors beyond aging. In sAD, ATT but not perfu-

sion showed a strong associationwith age. This patternmay reflect the

higher sensitivity of ATT versus perfusion to age-related factors (e.g.,

hypertension, arterial stiffness).41,42

Previous studies have reported sex differences in CBF, potentially

driven by the influence of sex hormones on vascular responses43

and/or the higher prevalence of vascular risk factors in males com-

pared to females,44–46 which are known to be negatively associated

with brain perfusion.47,48 Our results demonstrated greater GM CBF

in females than males in both eCU and sAD. This effect predomi-

nated in occipito-parietal regions but was consistent across the whole

brain. These findings are in concordance with previous investigations

showing that males have an extended pattern of reduced perfusion

compared to females, while no regions present higher perfusion in

males.43,49,50 Although the exact cause of these differences is not

yet fully understood, it has been proposed that estrogen levels may

positively influence CBF, particularly in posterior brain regions,51

with dehydroepiandrosterone sulfate potentially contributing to these

sex-related differences.43 Interestingly, sex differences in ATT were

modest but predominated in posterior regions in eCU and sAD, which

could be consistent with a protective effect of estrogen on blood

vessels.52

In the DS population, we did not observe strong, significant differ-

ences between sexes in either global or regional CBF and ATT. Effect

sizes were overall small to negligible, although they tended toward

a higher perfusion in the occipito-parietal areas. These results sug-

gest that sexual dimorphism in CBF may be less prominent in DS than

in the general population. This aligns with previous studies in adults

with DS reporting limited sex differences across various neuroimaging

and fluid biomarkers.53 One possible explanation is the earlier onset

of menopause in females with DS (average age ≈ 46 years),54 com-

pared to euploid females.55 The associated decline in estrogen levels

during this period might lead to a hypoestrogenic state, which has

been previously associated with CBF decline in females.56 Alterna-

tively, hypothyroidism is significantly more prevalent in females with

DS thanmales53 and has been linked to reduced brain perfusion.57 This

comorbidity could diminish the neuroprotective effects of estrogen

in the female brain, potentially explaining the diminished sex differ-

ences in CBF.58–60 Finally, it is also possible that the lower prevalence

of common vascular risk factors in individuals with DS compared to

the euploid population61 reduces the sex-related differences in CBF

typically attributed to these risks.

Individuals with sDS exhibited widespread hypoperfusion com-

pared to eCU individuals. Regions primarily affected included the

medial and lateral parietal lobes, cingulate cortex, posterior tempo-

ral, and dorsolateral frontal regions. Compared to the aDS group,

the sDS showed hypoperfusion in the lateral parietal lobe and pre-

cuneus. This pattern largely mirrors the pattern of AD-related brain

hypometabolism reported in the DS population.13,62 This overlap

between glucose metabolism and perfusion was expected, as CBF

underpins neuronal metabolism by delivering essential glucose and

oxygen.63

The topography of hypoperfusion in sDS and sAD was overall con-

sistent. The statistical comparisons between the two groups revealed

no significant differences, aside from a small cluster in the inferior

temporal, showing greater hypoperfusion in sAD compared to sDS.

This finding underscores the shared pathophysiological processes of

AD in DS and other sporadic or genetic forms of AD. It is interesting

to note that a closer inspection of the effect sizes suggested subtle

regional variations: theDSgroup showedslightly lowerperfusion in the

parietal regions, while the sADgroup exhibited lower perfusion in tem-

poral and dorsolateral frontal regions. These topographical differences

are similar to those reported in studies comparing atrophy64 or tau

positron emission tomography (PET)65 in autosomal dominant AD ver-

sus sporadic AD, and may reflect specificities associated with genetic

forms.

Regional perfusion changes were observed in aDS, indicating early

functional alterations potentially associated with AD pathology. Com-

pared to eCU individuals, aDS exhibited lower perfusion primarily

in the posterior cingulate and posterior temporal lobes. When the

statistical model was adjusted for age and sex, to account for the

younger age of the aDS, these differences became more pronounced,

particularly in the posterior cingulate, and extended to the lateral

temporo-occipital regions and dorsolateral prefrontal cortex. This

pattern closely aligns with previous research indicating that the pre-

cuneus is one of the first regions showing reduced perfusion in AD.66

Perfusion in these regions has also been associated with AD con-

version in individuals with MCI.67 These functional alterations likely

reflect both the early presence of AD pathologies in these regions

and diaschisis effects resulting from damage in medial temporal lobe

structures.68,69

Although we observed substantial reductions in cerebral perfu-

sion in both aDS and sDS, ATT differences were relatively modest

SurfIce tool (top panel) or the ggseg R library (bottom panel). On top, the color scale indicates t values for both FWE-corrected significance
thresholds (p< 0.05, k> 500mm3) and uncorrected thresholds (p< 0.005, k> 500mm3). On the bottom, the color scale indicates the coefficient of
determination (R2 values). For detailed statistical values, see Table S4 in supporting information. Aβ, amyloid beta; AD, Alzheimer’s disease;
aDS, asymptomatic Down syndrome; ATT, arterial transit time; CBF, cerebral blood flow; CSF, cerebrospinal fluid; eCU, euploid cognitively
unimpaired; FWE, family wise error; GM, graymatter; ROI, region of interest; p-tau, phosphorylated tau; sAD, sporadic Alzheimer’s disease;
sDS, symptomatic Down syndrome; TIV, total intracranial volume; uDS, uncertain Down syndrome.
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F IGURE 6 Association between AD biomarkers and ATT. A–C, Scatterplots illustrating the association between global median GMATT and
CSF Aβ1–42/Aβ1–40 ratio (A), CSF p-tau181 (B), and hippocampal volume (adjusted by TIV; C). Data points represent individual subject values,
regression lines depict group-specific trends, with the dotted line for the association in the overall participants and the purple-dashed line for the
non-eCU population only. Shaded areas indicate 95% confidence intervals. Shapes represent the diagnostic groups: eCU as triangles, aDS as
circles, sDS as squares, uDS as crosses, and sAD as diamonds. Panels D–F and G–I show voxelwise (top) and ROI (bottom) analyses of the
correlation between CBF and CSF Aβ1–42/Aβ1–40 ratio (D, G), CSF p-tau181 (E, H), and hippocampal volume adjusted by TIV (F, I) in the entire
population (D–F) and the non-eCU group (G–I), respectively. Images are presented in neurological orientation andwere generated using the
SurfIce tool (top panel) or the ggseg R library (bottom panel). On top, the color scale indicates t values for both FWE-corrected significance
thresholds (p< 0.05, k> 500mm3) and uncorrected thresholds (p< 0.005, k> 500mm3). At the bottom, the color scale indicates the coefficient of
determination (R2 values). For detailed statistical values, see Table S4 in supporting information. Aβ, amyloid beta; AD, Alzheimer’s disease;
aDS, asymptomatic Down syndrome; ATT, arterial transit time; CBF, cerebral blood flow; CSF, cerebrospinal fluid; eCU, euploid cognitively
unimpaired; FWE, family wise error; GM, graymatter; ROI, region of interest; p-tau, phosphorylated tau; sAD, sporadic Alzheimer’s disease;
sDS, symptomatic Down syndrome; TIV, total intracranial volume; uDS, uncertain Down syndrome.
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compared to eCU. Moreover, ATT did not show significant changes

across AD clinical stages in DS. Similarly, after accounting for age,

ATT differences were minimal comparing sAD to eCU. Together, these

results may suggest that AD reduces the volume of blood deliv-

ered (i.e., decreases CBF) without highly impacting the rate at which

blood arrives at the tissue (i.e., relative preservation of ATT). This

profile might be explained by microvascular dysfunction affecting

exchange at the tissue level (i.e., arterioles/capillaries) rather than

large-vessel arterial flow. It is well established that sporadic AD and

DS are typically associated with cerebral amyloid angiopathy (CAA),

which primarily affects small vessels by causing Aβ deposition in their

walls.70–72 Alternatively, the reduction in neuronal and synaptic activ-

ity related to neurodegeneration may be associated with a lower

metabolic demand, resulting in decreased local blood flow. Future

studies should further assess the interaction between both ASL met-

rics in the AD continuum and explore the influence of other factors

specific to DS (e.g., lower blood pressure compared to the general

population73).

Our results also demonstrated that pathological hallmarks of AD

and neurodegeneration were associated with CBF depletion and ATT

increase. Indeed, both ASL metrics showed linear correlations with

CSF Aβ1–42/Aβ1–40 and CSF p-tau181 levels, and hippocampal vol-

ume.When assessing it in the entire population, associations with CBF

were strong and included most brain regions showing hypoperfusion

in symptomatic groups, that is, sDS and sAD. When restricted to the

participants along theADcontinuum, significant associations remained

for CSF p-tau181 and CSF Aβ1–42/Aβ1–40. This aligns with previous

studies that have demonstrated that reductions in CBF are consis-

tently associated with higher amyloid and tau burden, but not with

hippocampal volume,31 potentially reflecting the combined impact of

these pathologies on cerebral perfusion.

Certain limitations of the present study must be acknowledged.

First, our sample size was relatively modest, and we were not able to

test the subtle effect of disease stages (e.g., the effect of prodromalAD)

or explore non-linear associations with age or AD biomarkers. While

thiswarrants additional studies in larger cohorts, it isworthmentioning

thatwe systematically presented effect sizes to limit bias in interpreta-

tions. Second, there is no universally accepted gold-standard method

for preprocessing ASL data, and further investigation is needed to

ensure the reproducibility of our results across different preprocessing

pipelines and research centers.

In summary, we found that brain perfusion is impaired in adults with

DS along the AD continuum. At the symptomatic stage, the topogra-

phy of hypoperfusion predominated in the temporoparietal and frontal

regions and largely overlapped with the impairment found in sAD.

Importantly, the brain perfusion in parietal structures differentiated

aDS fromsDSandwasassociatedwithvariousbiomarkersofAD.These

results demonstrated that pCASL can detect early functional changes

related to AD in DS, which can have clinical implications for the mon-

itoring of the disease. Additional studies are now needed to compare

the sensitivity of pCASL to other functional imaging modalities (e.g.,

fluorodeoxyglucose PET) to detect AD stages and monitor disease

progression.
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