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ABSTRACT

Down syndrome (DS), caused by trisomy of chromosome 21, represents the most
common genetically determined form of Alzheimer’s disease (AD). The
triplication of the amyloid precursor protein (APP) gene results in lifelong
overproduction of amyloid-f (AB), leading to near-universal AD neuropathology
by the fourth decade of life. In parallel, vascular deposition of AR gives rise to
cerebral amyloid angiopathy (CAA), which typically emerges by the fifth decade.
This biological context provides a unique model to investigate the interplay
between neurodegeneration and cerebral small vessel disease (SVD) across the

AD continuum.

This doctoral thesis aimed to comprehensively characterize changes in grey
matter (GM) and white matter (WM) in adults with DS using a multimodal
neuroimaging framework integrated with demographic, genetic, clinical, and
fluid biomarker data. First, we examined medial temporal lobe (MTL) atrophy
across the AD continuum in DS. We identified a non-linear trajectory
characterized by an early phase of cortical thickening followed by progressive
atrophy. Notably, the entorhinal cortex and posterior hippocampus were among
the earliest affected regions, with detectable structural changes occurring up to
15 years before the estimated onset of clinical symptoms. Second, we
investigated the spatial distribution of WM hyperintensities (WMH) in DS. WMH
burden increased with age, following a steeper trajectory in DS than in euploid
individuals. Lesions initially predominated in periventricular regions and
progressively extended into subcortical areas as AD clinical severity advanced.
WMH were associated with fluid biomarkers of AD pathology,
neurodegeneration, and neuroinflammation, supporting a multifactorial origin
of WM injury in DS. Third, to extend these cross-sectional findings, we assessed
the evolution of WMH over time. Longitudinal trajectories were variable and non-
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monotonic, with a pronounced reduction in lesion burden at the symptomatic
stage. This heterogeneous pattern likely reflects distinct processes, including
lesion accumulation, progressive tissue degeneration, and inflammatory
resolution. Finally, we investigated microstructural WM injury using the peak
width of skeletonized mean diffusivity (PSMD). PSMD alterations were detectable
up to 15 years before the estimated symptom onset and increased steadily with
advancing AD severity. Moreover, PSMD correlated with both neurodegenerative
and SVD-related markers, highlighting its sensitivity as an early indicator of WM

injury in DS.

Overall, this thesis provides comprehensive evidence that SVD and
neurodegeneration in DS are closely interconnected processes that evolve across
the AD continuum. Early and progressive changes in both GM and WM constitute
a core feature of DS-associated AD, with potential implications for biomarker

development and clinical trial design.
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RESUMEN

El sindrome de Down (SD), causado por la trisomia del cromosoma 21,
representa la forma genéticamente determinada mas comun de la enfermedad
de Alzheimer (EA). La triplicacion del gen de la proteina precursora amiloide
(APP provoca una sobreproduccidon a lo largo de la vida de B-amiloide (AB), lo
que da lugar a la aparicion de neuropatologia de EA de forma practicamente
universal hacia la cuarta década de vida. En paralelo, el depédsito vascular de AB
origina la angiopatia amiloide cerebral (AAC), que suele aparecer hacia la quinta
década. Este contexto bioldgico proporciona un modelo Unico para investigar la
interaccién entre la neurodegeneracion y la enfermedad cerebrovascular de

pequeno vaso (EPV) a lo largo del continuo de la EA.

Esta tesis doctoral tuvo como objetivo caracterizar los cambios en la sustancia
gris (SG) y la sustancia blanca (SB) en adultos con SD mediante un enfoque de
neuroimagen multimodal integrado con datos demograficos, genéticos, clinicos
y de biomarcadores en fluidos. En primer lugar, examinamos la atrofia del I6bulo
temporal medial (LTM) a lo largo del continuo de la EA en el SD. Identificamos
una trayectoria no lineal caracterizada por una fase temprana de engrosamiento
cortical seguida de una atrofia progresiva. Cabe destacar que la corteza
entorrinal y el hipocampo posterior fueron las primeras regiones afectadas, con
cambios estructurales detectables hasta 15 anos antes del inicio estimado de
los sintomas clinicos. En segundo lugar, investigamos la distribucién espacial de
las hiperintensidades de la SB (HSB) en el SD. La carga de HSB aumento con la
edad, siguiendo una trayectoria mas pronunciada en el SD que en los individuos
euploides. Las lesiones predominaron inicialmente en regiones periventriculares
y se extendieron progresivamente hacia areas subcorticales a medida que
avanzaba la gravedad clinica de la EA. Las HSB se asociaron con biomarcadores
de patologia de la EA, neurodegeneracidon y neuroinflamacién, lo que respalda
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un origen multifactorial del dano de la SB en el SD. En tercer lugar, para
profundizar en estos hallazgos transversales, evaluamos la evolucion de las HSB
a lo largo del tiempo. Las trayectorias longitudinales fueron variables y no
monotonicas, con una reduccion marcada de las HSB en la fase sintomatica. Este
patrén heterogéneo probablemente refleja distintos procesos, como la
acumulacion de lesiones, la degeneracion tisular progresiva y la resolucion
inflamatoria. Finalmente, investigamos el dafo microestructural de la SB
mediante la métrica peak width of skeletonized mean diffusivity (PSMD). Las
alteraciones de PSMD fueron detectables hasta 15 afios antes del inicio estimado
de los sintomas y mostraron un aumento gradual con la progresiéon de la
gravedad de la EA. Ademas, el PSMD se correlacioné tanto con marcadores de
neurodegeneracion como con marcadores relacionados con la EPV, destacando

su sensibilidad como indicador precoz del dafo de la SB en el SD.

En conjunto, esta tesis aporta evidencia solida de que la EPV y Ila
neurodegeneracién en el SD son procesos estrechamente interrelacionados que
evolucionan a lo largo del continuo de la EA. Los cambios tempranos y
progresivos tanto en la SG como en la SB constituyen una caracteristica central
de la EA asociada al SD, con posibles implicaciones para el desarrollo de

biomarcadores y el disefio de ensayos clinicos.



RESUM

La sindrome de Down (SD), causada per la trisomia del cromosoma 21,
representa la forma geneticament determinada més comuna de la malaltia
d'Alzheimer (MA). La triplicacié del gen de la proteina precursora amiloide (APP)
provoca una sobreproduccioé de B-amiloide (AB) al llarg de la vida, la qual cosa
dona lloc a I’aparicié de neuropatologia de MA de forma practicament universal
cap a la quarta década de vida. En paral-lel, el diposit vascular d'AB origina
I'angiopatia amiloide cerebral (AAC), que sol apareixer cap a la cinquena decada.
Aquest context biologic proporciona un model Unic per investigar la interaccio
entre la neurodegeneracio i la malaltia de petit vas (MPV) al llarg del continu de

la MA.

Aquesta tesi doctoral va tenir com a objectiu caracteritzar de manera integral
els canvis en la substancia grisa (SG) i la substancia blanca (SB) en adults amb
SD mitjancant un enfocament de neuroimatge multimodal integrat amb dades
demografiques, genétiques, cliniques i de biomarcadors en fluids. En primer
lloc, vam examinar I'atrofia del lobul temporal medial (LTM) al llarg del continu
de la MA en la SD. Vam identificar una trajectoria no lineal caracteritzada per
una fase primerenca d'engrossiment cortical seguida d'una atrofia progressiva.
Cal destacar que el cortex entorrinal i I'hipocamp posterior van ser les primeres
regions afectades, amb canvis estructurals detectables fins a 15 anys abans de
I'inici estimat dels simptomes clinics. En segon lloc, vam investigar la distribucio
espacial de les hiperintensitats de la SB (HSB) en la SD. Les HSB van augmentar
amb l'edat, seguint una trajectoria més pronunciada en la SD que en els individus
euploides. Les lesions van predominar inicialment en regions periventriculars i
es van estendre progressivament cap a arees subcorticals a mesura que
avancava la gravetat clinica de la MA. Les HSB es van associar amb biomarcadors
de patologia de la MA, neurodegeneracié i neuroinflamacié, la qual cosa dona
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suport a un origen multifactorial del dany de la SB en la SD. En tercer lloc, per
aprofundir en aquestes troballes transversals, vam avaluar I'evolucio de les HSB
al llarg del temps. Les trajectories longitudinals van ser variables i no
monotones, amb una reduccié marcada de les HSB en la fase simptomatica.
Aquest patré heterogeni probablement reflecteix diferents processos com
I'acumulacié de lesions, la degeneracié tissular progressiva i la resolucio
inflamatoria. Finalment, vam investigar el dany microestructural de la SB
mitjancant la metrica peak width of skeletonized mean diffusivity (PSMD). Les
alteracions del PSMD van ser detectables fins a 15 anys abans de l'inici estimat
dels simptomes i van mostrar un augment gradual amb la progressié de la
gravetat de la MA. A més, el PSMD es va correlacionar tant amb marcadors de
neurodegeneracio com amb marcadors relacionats amb la MPV, destacant la

seva sensibilitat com a indicador preco¢ del dany de la SB en la SD.

En conjunt, aquesta tesi aporta evidencia solida que la MPV i la neurodegeneracié
en la SD son processos estretament interrelacionats que evolucionen al llarg del
continu de la MA. Els canvis primerencs i progressius tant en la SG com en la SB
constitueixen una caracteristica central de la MA associada a la SD, amb
possibles implicacions per al desenvolupament de biomarcadors i el disseny

d'assaigs clinics.
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PREFACE

Individuals with Down syndrome (DS) represent the most common genetically
determined form of Alzheimer’s disease (AD). Driven by the triplication of the
amyloid precursor protein (APP) gene on chromosome 21, this population
experiences a lifelong overproduction of amyloid-B (AB) peptides. This
culminates not only in the near-universal development of AD neuropathology by
their fourth decade of life, but also in a parallel, severe accumulation of vascular

amyloid, manifesting as cerebral amyloid angiopathy (CAA).

Crucially, adults with DS present a striking vascular paradox. They are
remarkably protected from traditional cardiovascular risk factors, such as
hypertension and arteriolosclerosis, which typically drive small vessel disease
(SVD) in the general aging population. Yeta remarkable burden of neuroimaging
markers classically associated with SVD. Consequently, DS provides an
unparalleled, "pure” AD model for investigating amyloid-driven SVD, largely

unconfounded by typical age-related comorbidities.

Despite recent advances in delineating the temporal sequence of AD biomarkers
in DS, including the establishment of hippocampal volume as a core
neuroimaging metric, the structural trajectories of medial temporal lobe (MTL)
subregions beyond the hippocampus across the full AD clinical continuum
remain underexplored. Moreover, significant gaps remain in our understanding
of cerebrovascular disease in DS. While post-mortem studies have established
the high prevalence of CAA, and prior cross-sectional neuroimaging studies
have identified an increased burden of SVD markers, such as white matter
hyperintensities (WMH), the dynamic evolution of these lesions and their specific
associations with fluid biomarkers remain poorly characterized. Finally, there

remains a lack of comprehensive, multimodal neuroimaging data tracking both
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the macrostructural and microstructural white matter (WM) injury associated

with SVD across the AD continuum in DS.

Therefore, this thesis addresses these fundamental gaps by rigorously
characterizing the spatial patterns and temporal trajectories of
neurodegeneration and SVD-related brain lesions in adults with DS. By
integrating structural MRI, diffusion-weighted imaging, and multimodal fluid
biomarkers, this work aims to advance our understanding of how MTL atrophy,
WM microstructural injury, and cerebrovascular pathology interact across the
lifespan and the AD continuum in DS. Ultimately, this research seeks to inform
disease modeling, refine /in vivo imaging biomarkers, and guide future

therapeutic strategies for this genetically determined form of AD.

This PhD research has yielded four first-authored papers peer-reviewed
publications, all published in first decile journals (A/zheimer’s and Dementia
[Impact Factor, IF, 2024=11.1, Rank=6/202 in Clinical Neurology, D1] and Brain

[IF 2024=11.7, Rank=5/202 in Clinical Neurology, D1]).
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1. INTRODUCTION




1.1 DOWN SYNDROME

Down syndrome (DS) is a genetic condition caused by the trisomy of
chromosome 21. The DS phenotype encompasses manifestations in the

musculoskeletal, neurological, and cardiovascular systems.!

Clinically, the syndrome is characterized by a well-defined physical phenotype
including a flattened facial profile, almond-shaped eyes with epicanthal folds, a
small nose with a flat nasal bridge, low-set ears, and macroglossia within a
relatively small mouth. Musculoskeletal and structural alterations are equally
prominent, manifesting as generalized hypotonia, atlantoaxial instability,
brachycephaly, short stature, a shortened neck with redundant nuchal skin,
clinodactyly of the fifth digit, a single transverse palmar crease, and a sandal
gap deformity.23 Neurologically, individuals with DS present a divergent
developmental blueprint expressed through varying degrees of intellectual
disability (ID), cerebellar hypoplasia, and a widespread reduction in neuronal

density.!

Beyond these structural and developmental manifestations, people with DS
exhibit an increased susceptibility to a wide range of lifelong comorbid medical
conditions. These include congenital heart defects, hypothyroidism,
autoimmune disorders, obstructive sleep apnea, and epilepsy.’4 Crucially, as
medical care has advanced over the last decades, DS is no longer viewed solely
as a developmental disorder but rather as a complex lifespan condition with
prominent neurological involvement culminating in highly penetrant, early-

onset Alzheimer’s disease (AD).!



1.1.1 Epidemiology

DS is the most common genetic cause of ID, affecting approximately 1 in 700
live births worldwide.> Advanced maternal age at conception remains the

principal known risk factor for trisomy 21.6

Over the last few decades, the epidemiology of DS in Europe has been shaped
by two opposing phenomena. Based on EUROCAT registry data, an increasing
proportion of mothers aged 35 and older has driven a rise in the estimated
incidence of DS conceptions, increasing from 16 to 23 per 10,000 births by
2015.7 Conversely, the widespread implementation of prenatal genetic
screening programs has led to a parallel increase in the rates of elective
termination of pregnancy for fetal anomalies. Consequently, while the absolute
number of DS conceptions has risen across Europe, the overall prevalence of live

births has remained relatively stable or decreased.?:8

This dynamic is particularly pronounced in Spain, where universal access to
prenatal screening has resulted in termination rates of approximately 84% to
90% following a prenatal diagnosis of DS.8 Accordingly, the incidence of DS live
births has declined drastically over the past 50 years. From an incidence of 15
per 10,000 births between 1976 and 1980, the rate dropped to 5.51 between
2011 and 2012, and reached a low of 4.01 per 10,000 births by 2023 (Figure
1A, B). As a result, the absolute population size of individuals with DS in Spain
has reached its historical maximum in 2015, and since then, natural

demographic growth has become consistently negative.?

Despite declining birth rates, advances in medical, educational, and social care
over the past five decades have resulted in a dramatic increase in life expectancy
among individuals with DS, with current estimates approaching 60 years of age

and a global population exceeding six million individuals.” In Spain, the



demographic profile strongly reflects this aging trend: of the approximately
35,000 individuals currently living with DS, 83.5% are over 16 years old, and
more than half (51.3%) fall within the 35-49 age range;? a distribution perfectly
reflected in our Down Alzheimer Barcelona Neuroimaging Initiative (DABNI)
cohort, exhibiting a high prevalence of individuals aged 30 to 60 (Figure 1C). As
a consequence, there is a need to address emerging age-related conditions in

people with DS, with AD being the major clinical challenge.
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Figure 1. Demographic trends of DS in Spain and the DABNI study cohort. A) National and B)
regional prevalence of DS live births per 10,000 births in Spain from 1976 to 2023. Data are
sourced from the Base de Datos Estatal de Personas con Discapacidad (BDEP, 2012), the
Encuesta de Discapacidad, Autonomia Personal y Situaciones de Dependencia (EDAD, 2008), and
the bulletins of the Estudio Colaborativo Espafiol de Malformaciones Congénitas (ECEMC). C) Age
distribution of the Down Alzheimer Barcelona Neuroimaging Initiative (DABNI) cohort as of 2024.
The distribution highlights a pronounced representation of individuals with DS aged between 30
to 60 years, effectively illustrating the current aging demographic profile of this population.



1.1.2 Genetics

Genetically, DS is caused by the presence of an additional copy of chromosome
21. Complete trisomy 21 accounts for approximately 95% cases, whereas
translocations (4%), in which a portion of an extra chromosome 21 attaches to
another chromosome, and mosaicism (1%), where only a subset of cells carry

three copies of chromosome, occur less frequently.10

The biological perturbations driving the complex DS phenotype have
traditionally been conceptualized through two primary, non-exclusive
frameworks. The gene-dosage effect hypothesis attributes the phenotype to the
direct, proportional overexpression of specific chromosome 21 genes and the
subsequent dysregulation of their downstream signalling networks. The
developmental instability hypothesis posits that the extra genetic material
induces a global disturbance in gene expression beyond chromosome 21,
thereby disrupting overall biological homeostasis.” Furthermore, this genetic
imbalance is accompanied by a distinct epigenetic signature, characterized by
specific DNA methylation patterns that correlate with both developmental

defects and a premature aging phenotype.!!

Chromosome 21 contains numerous genes encoding proteins with highly
diverse biological functions, regulating pathways involved in neurodevelopment,
neurogenesis, synaptic function, neuroinflammation, immune response, and
oxidative stress.'2.13 The triplication of this chromosome in DS therefore results
in systematic overdosage of these gene products, disrupting multiple biological
cascades and profoundly impacting brain development, metabolic homeostasis,
and the functional organization of neuronal networks.! Of particular relevance
to this thesis, several of these overexpressed genes, such as amy/loid precursor

protein (APP) and dual-specificity tyrosine phosphorylation-regulated kinase 1A



(DYRKI1A), have been directly implicated in the early onset of AD in this

population.?

1.1.3 Neuroanatomy

Individuals with DS exhibit distinctive neuroanatomical features that persist
across the lifespan. Disruptions in neurogenesis, synaptogenesis, and
myelination are evident as early as 21 weeks of gestation,’4 leading to a

reduction in total cell number and lower neuronal density.!5

Macroscopically, DS is characterized by an overall reduction in total brain
volume, accompanied by brachycephaly and ventriculomegaly.'6-18 However, this
reduced brain size is not driven by a uniform global shrinkage, but rather by a
specific topographic pattern of regional vulnerabilities. Volume reductions are
most prominent in the frontal and temporal lobes, the brainstem, and the
cerebellum?6.17,19.20 (Figure 2 C, D). The profound cerebellar hypoplasia, in
particular, is a consistent hallmark across the literature in DS'6.21.22 (Figure 2 C,
D). Conversely, other brain structures appear relatively preserved, including

parietal and occipital lobes.19,20,22,23

Among the most vulnerable structures, the hippocampus is significantly smaller
from an early age.'82425 Microstructural and pathological studies attribute this
to reduced cell proliferation and decreased volume in specific subfields, notably
the dentate gyrus.'526 In contrast to this marked reduction in hippocampal
volume, individuals with DS have shown an increased volume of the adjacent
parahippocampal gyrus.!8.2527 Furthermore, morphological variants are highly
prevalent; individuals with DS characteristically exhibit a higher rate of

incomplete hippocampal inversion28 (Figure 2 E F).

In addition to grey matter (GM) alterations, the white matter (WM) in DS is

fundamentally altered. Neurodevelopment is characterized by myelination



deficits, including reduced and delayed myelin formation.29 Consistent with
these early disruptions, neuroimaging techniques reveal structural differences

in WM integrity across the lifespan, particularly within the frontal tracts.30

Figure 2. Structural brain
changes in DS. Representative
T1-weighted MR/ sagittal (A, C)
and coronal (B, D-F) sections. A,
B) a 44-year-old euploid control/
and C, D) a 45-year-old
individual with DS without
dementia. Arrowheads highlight
differences in the frontal cortex,
cerebellum, and hippocampus. E,
F) a 36-year-old individual with
DS without dementia,
Arrowheads highlight the
presence of a left incomplete

hippocampal inversion.



1.2 ALZHEIMER'S DISEASE

1.2.1 Definition and general concepts

AD is the leading cause of dementia globally, accounting for an estimated 60%
to 80% of all dementia cases.3' The global prevalence of dementia represents a
major health challenge, with projections indicating that by the year 2050,
approximately 130 million people worldwide will be affected.32 In Spain, it is
estimated that over 800,000 individuals, representing 3-4% of the population
over 75 years of age, currently suffer from AD, which is projected to double and
surpass 1.5 million cases by 2050.33 Driven by the profound social and economic
burden of the disease and the limited efficacy of current treatments, AD research
has become an urgent global priority, shifting scientific and clinical focus heavily

toward prevention and early intervention.

Clinically, AD is a neurodegenerative disorder characterized by a progressive
deterioration of cognitive functions, including memory, language, executive
functioning, and visuospatial skills, culminating in a profound loss of autonomy
and functional independence.34 The disease is now robustly conceptualized as a
biological continuum that begins with a prolonged preclinical phase, defined by
silent pathophysiological alterations in the brain up to 20 years before the
manifestation of any clinical symptoms.35 It then progresses gradually through

mild cognitive impairment (MCI) before advancing to clinical dementia.36.37

1.2.2 Neuropathology

Neuropathologically, AD is the only neurodegenerative disease defined by two
proteinopathies.38 These main hallmarks are the presence of extracellular
amyloid-B (AB) plaques, mainly composed of AB1-42 (AB42) peptides, and the

intracellular accumulation of hyperphosphorylated tau proteins forming



neurofibrillary tangles (NFT)38 (Figure 3). Amyloid plaque deposition follows a
specific spatial trajectory, commencing in neocortical regions, particularly the
temporal lobe (Thal phase 1), before spreading to allocortical (phase 2),
subcortical (phase 3), brainstem (phase 4), and cerebellar regions (phase 5).39 In
contrast, tau pathology initially affects the entorhinal cortex (ERC) and
transentorhinal regions (stages I-ll), subsequently spreading to limbic and

neocortical regions (stages IlI-VI).40

L8

\'0

a %

Figure 3. Histopathological hallmarks of AD. Representative immunohistochemical staining in
the temporal cortex of a 61-year-old male demonstrating A) AB plaques and B) NFT. Courtesy of
Borja Moya-Llamas.

The exact relationship between AP plaques and tau NFT is still poorly
understood. According to the amyloid cascade hypothesis, the abnormal
aggregation of AB peptides represents the initial event in AD pathophysiology,4!
subsequently triggering tau hyperphosphorylation, synaptic dysfunction,
neurodegeneration, and cognitive decline. While AB accumulation is considered
an early and necessary process, converging evidence indicates that tau
pathology correlates more closely with neuronal loss, brain atrophy, and clinical
symptom severity.42-44 Beyond these core proteinopathies, the complexity of AD

is reflected by a spectrum of concomitant, non-specific pathological events that



are critical to disease pathogenesis, including synaptic dysfunction, gliosis,

neuroinflammation, and vascular dysregulation.3445

1.2.3 Forms of Alzheimer's disease

AD can be broadly categorized into sporadic and genetic forms. Sporadic AD
(sAD) accounts for over 95% of cases, with clinical symptoms typically detected
after the seventh decade of life.46 It is considered a multifactorial disorder driven
by a complex interplay of genetic, environmental, and lifestyle factors.46
Advanced age remains the strongest primary risk factor for sAD, with incidence
rates doubling approximately every five years after the age of 65.3" Alongside
aging, genetic susceptibility plays a role, with the Apolipoprotein E (APOE) €4
allele being the greatest genetic risk factor.46.47 Heterozygous carriers exhibit a
markedly increased risk for developing AD, while homozygous carriers (€4/€4)
face a 14-fold increased risk compared to €3/€3 carriers, with evidence now
suggesting that APOE4 homozygotes should be considered as a genetic form of

AD.48

In contrast to sAD, autosomal dominant AD (ADAD) accounts for less than 1% of
all AD cases and is driven by APPmissense mutations, APPduplication (APPdup),
or mutations, presenilin-1 (PSENT), and presenilin-2 (PSEN2) genes.49,50 These
mutations drive rapid amyloid accumulation, resulting in an early-onset
presentation typically developing before the age of 65.3! Investigating these
genetic, early-onset forms provides a unique window into the pure

pathophysiological cascade of AD.
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1.2.4 Alzheimer's disease in Down syndrome

As previously mentioned, individuals with DS have an extra copy of chromosome
21, which encodes the APP gene. This triplication triggers a lifelong
overproduction of AR peptides that begins during adolescence, and by their 40s,
nearly all individuals with DS exhibit the core neuropathological hallmarks of
AD.>' The central role of the APP gene in the AD pathogenesis is robustly
supported by rare autopsy cases of individuals with partial trisomy 21; when APP
was not triplicated, AD neuropathology was absent even at the relatively
advanced ages of 72 or 78 years for people with DS.52.53 Thus, the triplication of
APP has been proposed to be both sufficient and necessary to drive AD
pathogenesis, establishing DS-associated AD (DSAD) as the most common
genetically determined form of the disease.5' Reflecting this biological certainty,
the latest revised diagnostic criteria from both the International Working Group
and the Alzheimer’s Association classify asymptomatic individuals with DS as
being in a presymptomatic stage, or Stage 0, denoting the presence of a genetic

determinant of AD prior to the onset of clinical symptoms.54.55

While APPtriplication is the central driver, other genes on chromosome 21 also
contribute to the underlying pathogenesis and modulate the age of AD onset.!
Among these, DYRK 1A is particularly significant: already strongly linked to ID, it
contributes significantly to AD pathogenesis.?3.56-58 by hyperphosphorylating tau
protein at key residues, thereby priming it for aggregation into NFT.13 Other
notable genetic modifiers include the Beta-site APP cleaving enzyme 2 (BACE2),
which further influences APP processing and the amyloidogenic cascade,>% and
superoxide dismutase 1 (SODJ), whose overexpression drives mitochondrial

dysfunction and oxidative stress linked to premature aging in DS.60
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Finally, alongside chromosome 21-specific mechanisms, genome-wide risk
factors, may also modulate disease onset, progression, and clinical presentation
of AD in the DS population.>6.61 Notably, the major genetic risk factor for sAD,
the APOE gene, has been associated with an earlier age of symptom onset in
adults with DS.16,51.59 The presence of the APOE €4 allele in DS was further shown
to accelerate amyloid deposition and advance the onset of symptomatic disease
by approximately two years,62 even though this result has not been replicated

across all cohorts.63.64

Clinically, the trajectory of DSAD is strikingly age-dependent. Dementia is rare
in individuals with DS before the age of 40; however, its incidence and
prevalence rise exponentially thereafter, reaching 88-100% in those older than
65 years.65 On average, the median age of prodromal AD diagnosis in DS is
approximately 51 years, typically progressing to AD dementia between 53 and
55 years, with death occurring between 57 and 60 years of age.>1.66,67 When
symptoms emerge after age 40, the clinical presentation closely mimics sAD,
initially characterized by deficits in episodic memory and receptive language.59.:68
Conversely, when dementia emerges in younger individuals (aged 30-40 years),
it frequently presents with changes in behaviour, personality, and executive
function.59.68 Some atypical presentations, including cases with posterior cortical
atrophy, have also been described.69.70 These cases are characterized by early
deficits in the visual domain with significant occipital involvement, underscoring
the clinicopathological heterogeneity that can occur even within this genetically

determined form of AD.

12



Post-mortem studies demonstrate that the hallmark neuropathological features
of AD are nearly universal in the brains of adults with DS by the age of 40 years,
although pathological changes begin decades earlier.'6.71 Specifically, the
neuropathology of AD, alongside associated gross neuroanatomical change, is
present in 80% of individuals with DS by the fourth decade, reaching 100% in

those over 60 years of age.”2

The overexpression of the APP gene results in intraneuronal AB accumulation
detectable as early as 21 weeks of gestation, primarily within endosomal-
lysosomal compartments implicated in APP processing.'6.73,74 During childhood
and adolescence, AR pathology begins to accumulate in the brain,?5-77 yielding
substantial amounts of diffuse extracellular AB plaques by 20 years of age.”! By
the third and fourth decades of life, AB accumulation accelerates exponentially,
indicating a phase of accelerated deposition at this age,?78.79 as diffuse deposits

transition into compact neuritic plaques.5!

The spatial distribution of AB in DS broadly recapitulates the Thal phases
established in sAD.32 Deposition initiates in the temporal neocortex before
rapidly involving other neocortical regions.39 Subsequently, it extends into
allocortical areas, including the entorhinal region, the CAl sector of the
hippocampus, and the insular cortex. It is not until individuals reach their 40s
that the amyloid burden extends to subcortical regions, the brainstem, and the

cerebellum.”

Following the initial amyloid cascade, tau pathology emerges chronologically
later, typically becoming evident around 35 years of age.5! The spatial spreading
of NFTs in DS adheres closely to the Braak staging system.40 Initial tau

accumulation is observed in the ERC and transentorhinal cortex, as well as the
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hippocampal molecular layer, before spreading to the CA1 region and
subiculum.80.81 Subsequently, tau pathology extends to limbic and neocortical
regions, achieving full neocortical coverage by the mid-50s.7" Crucially, it is this
progressive accumulation and topographical spread of tau that most strongly
correlates with the onset of clinical dementia and overall disease severity in

DSAD.s82

Over the past two decades, the conceptualization of AD has undergone a
profound paradigm shift, evolving from a clinicopathological entity defined at
autopsy to a biological continuum that can be precisely tracked /n vivo.36.37 This
transformation has been driven by the validation of fluid and neuroimaging
biomarkers, which allow researchers and clinicians to detect the underlying
pathophysiological cascade decades before the onset of cognitive decline. In DS,
the temporal sequence and progression of biomarker patterns are highly similar

to those observed in both sAD and ADADS3 (Figure 4).
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Figure 4. Natural history of DSAD. A) Chronological trajectory of pathophysiological changes
across the lifespan and their detection via fluid and neuroimaging biomarkers, and B)
Histopathological samples reflecting the neuropathological hallmarks corresponding to the
different stages of disease progression. Adapted from Maure-Blesa et al. (2025).

— Cerebrospinal fluid biomarkers

Cerebrospinal fluid (CSF) studies consistently demonstrate the core AD
biomarker profile in symptomatic individuals with DS, including a marked
reduction in the AB42/AB40 ratio and significant elevations in total tau and
phosphorylated tau (pTau) concentrations.84-87 Specifically, both CSF AB42 and
AB40 are elevated in early childhood due to the APP gene dose effect. These
levels subsequently decrease, entering a period of pseudo-normalization until
the late 20s.5' Approximately two decades before the onset of dementia,

absolute AB42 levels drop below normative thresholds, ultimately reaching floor
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effects during the prodromal stages of the disease.5' The CSF AB42/AB40 ratio
provides a robust index of amyloid,8¢ demonstrating a significant decrease

approximately 26 years prior to clinical diagnosis.83.88

Following the alterations of amyloid markers, CSF pTaul81 concentrations begin
to rise approximately 15 years before dementia onset, tightly coinciding with
the initial increases in amyloid PET standardized uptake value ratios (SUVr).83.85
While pTaul81 is well-characterized, there is currently a notable lack of studies
specifically examining the temporal dynamics of other phosphorylated tau

isoforms in CSF in the DS population.8?

Beyond amyloid and tau, markers reflecting axonal damage, synaptic
dysfunction, and neuroinflammation are highly relevant, given their early
presence across the AD continuum. Neurofilament light chain (NfL), a marker of
axonal injury, increases early in the preclinical stage, even preceding amyloid
PET positivity, and shows strong diagnostic and prognostic value in DSAD.83.85,
Furthermore, neuroinflammatory markers, specifically the astroglial activation
markers glial fibrillary acidic protein (GFAP) and YKL-40 (also known as
chitinase-3-like protein 1), have shown age-dependent and disease-severity

associations.86,89-91

Unlike CSF, plasma concentrations of AB42 and AB40 are consistently elevated
throughout the lifespan in AD due to peripheral AB production. Because of this
confounding peripheral amyloid pool, current immunoassays for plasma AP lack

the diagnostic utility to reliably detect symptomatic AD.85.87

In contrast, plasma tau isoforms have emerged as exceptionally powerful
diagnostic and prognostic tools. Plasma pTau species (including pTaul81, and

pTau217) begin to increase in the mid-30s in DS. Specifically, pTau217 starts to
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rise between 36 and 40 years of age,63.92 while pTaul81 diverges from euploid
trajectories age 40.93 Both markers accurately discriminate symptomatic from
asymptomatic individuals and correlate robustly with core CSF biomarkers,

neurodegeneration, and cognitive decline.83,87,93,94

Similar to its CSF counterpart, plasma NfL rises non-linearly from early
adulthood and accelerates profoundly as the disease advances, serving as an
excellent prognostic marker for clinical conversion.83.95 Finally, plasma GFAP
elevations begin in the mid-to-late 20s and rise continuously into symptomatic

stages, discriminating clinical status more effectively than CSF GFAP.%

Neuroimaging modalities, encompassing positron emission tomography (PET)
and magnetic resonance imaging (MRI), have revolutionized the study of AD by
enabling the /n vivovisualization of its underlying pathophysiological substrates.
In sAD, hallmark neuroimaging biomarkers capture a sequence of medial
temporal lobe (MTL) atrophy and posterior-predominant cortical thinning on
MRI, alongside temporoparietal hypometabolism on fluorodeoxyglucose-PET
('8F-FDG-PET), and cortical AB deposition on amyloid-PET.34 Similarly, in the DS
population, these modalities delineate the onset of neuroimaging alterations

decades before clinical dementia (Figure 5).

In DS, amyloid PET signal increases decades before symptom onset, typically
emerging in the late 30s.63.889 This early accumulation involves prominent
deposition in the striatum and precuneus,’ extending to frontal lobe areas
before reaching medial temporal and subcortical structures.63.64.97,98 Notably,

striatal amyloid signal precedes cortical amyloid deposition by approximately
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three years,%9.100 with widespread cortical positivity typically reached by the mid-

40s.101

Following the amyloid deposition, tau PET signal in DS notably escalates between
ages 37 and 41.8 Tau PET positivity occurs almost exclusively in amyloid-
positive individuals, often within two years of conversion to amyloid positivity.102
The spatial progression of tau PET broadly follows Braak staging,103.104 beginning
in the MTL, notably in the ERC and hippocampus, before spreading posteriorly
and dorsally into the parietal cortices.05 In DS, however, early signal is also seen
in subcortical structures such as the amygdala and pallidum, before spreading

to the neocortical regions.88

Concurrently, '8F-FDG-PET captures the metabolic dysfunction emerging
characteristically in the parietal cortex, precuneus, and posterior cingulate,06-
108 mirroring the metabolic signature of sAD.109 Interestingly, early regional
hypermetabolism has been reported in young, asymptomatic individuals with
DS, which may reflect transient compensatory mechanisms or fundamentally
altered baseline glucose utilization linked to neurodevelopmental

differences.106,108,110

With the emergence of AD pathology, structural MRI reveals a classic AD-like
pattern of atrophy characterized by profound MTL loss and posterior-
predominant cortical thinning.17.11" The hippocampus and ERC, regions highly
susceptible to early tau pathology,8' exhibit measurable volume loss 5 to 10
years prior to symptom onset.83 Compared to non-demented individuals with
DS, those with symptomatic DSAD show severe reductions in the MTL,'12 notably
in the volume of the hippocampus and amygdala.27.113-116 This volume loss

extends to striatal structures, including the putamen and caudate,''4 and is
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coupled with significant enlargement of ventricular CSF spaces, a cardinal

feature of global brain shrinkage.!17

Beyond these GM alterations, diffusion tensor imaging (DTI) unveils early
vulnerabilities in the WM architecture of individuals with DS, including reduced
fractional anisotropy (FA) and increased mean diffusivity (MD) compared to the
euploid population.'8-122 As AB burden increases and AD progresses, these

microstructural alterations become profoundly exacerbated, reflecting the

widespread degradation of the neural tracts.30.123,124

Figure 5. Multimodal neuroimaging hallmarks of DSAD. Representative images encompassing
amyloid-PET (A, E), tau-PET (B, F), 18F-FDG-PET (C, G), and structural MRl (D, H). A-D) depicts a
46-year-old cognitively stable individual with DS, demonstrating negative amyloid and tau
burden, and preserved cerebral glucose metabolism and structural integrity. E-H) presents a 66-
year-old individual with DS and AD dementia, characterized by widespread amyloid and tau
positivity (with prominent parieto-temporal tau accumulation), reduced glucose uptake
indicative of hypometabolism, and pronounced cortical and MTL atrophy.
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1.3 CEREBROVASCULAR DISEASE

1.3.1 Definition and general concepts

Cerebrovascular disease encompasses a heterogeneous spectrum of
pathological processes affecting the cerebral blood vessels'25 and is widely
recognized as the most common cause of dementia after AD.26 Vascular disease
is strongly associated with systemic risk factors such as hypertension,
atherosclerosis, hypercholesterolemia, and diabetes mellitus,’2> and its most
prevalent manifestation in the context of cognitive impairment is cerebral small
vessel disease (SVD).127 SVD is an umbrella term describing pathological
alterations in the brain's smallest vessels, including perforating arterioles,
capillaries, and venules.27.128 Evidence consistently demonstrates that SVD is a
critical comorbidity that lowers the threshold for the clinical expression of
dementia.’29.130 Furthermore, the presence of SVD accelerates the age of clinical
onset'3! and drives a more rapid cognitive decline for any given burden of

underlying AD pathology.130°

1.3.2 Subtypes of small vessel disease

Pathologically, SVD is broadly categorized into distinct subtypes that, despite
their divergent etiologies, converge into a shared spectrum of macroscopic brain
damage. Among these, arteriolosclerosis (Type 1 SVD) and cerebral amyloid
angiopathy (CAA; Type 2 SVD) are the most prevalent forms.'28 Arteriolosclerosis
is predominantly driven by aging and traditional vascular risk factors,
particularly hypertension and diabetes.’32 Morphologically, it is characterized by
thickened, dysmorphic vessel walls and increased arteriolar tortuosity, without
the formation of atheroma'32 (Figure 6 A, B). CAA is defined by the progressive
deposition of AB peptides, predominantly in its AB40 isoform, within the walls
of cortical and leptomeningeal arterioles, and occasionally capillaries?33,134
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(Figure 6 C, D). Advanced age and the presence of AD pathology are established

risk factors for CAA.135

Figure 6. Histopathological features of SVD. Representative immunohistochemical staining of
leptomeningeal arterioles demonstrating arteriolosclerosis (A, B) and CAA (C, D). A, C) exhibit
minimal structural changes, whereas B, D) demonstrate severe pathological involvement.
Adapted from Blevins et al. (2021) and Carmona-Iragui et al. (2019).

1.3.3 Neuroimaging markers of small vessel disease

Although direct /n vivo visualization of cerebral small vessels remains elusive,!28
MRI biomarkers of brain structural and vascular functional impairments allow us
to reliably identify the parenchymal sequelae of SVD. To harmonize research and
clinical assessment, the International Standards for Reporting Vascular Changes
on Neuroimaging (STRIVE-1)'36 and its recent update, STRIVE-2,'37 were
established to standardize the definitions of SVD features on neuroimaging and
encourage the consistent, unbiased use of terminology. Guided by these
frameworks, the main imaging hallmarks of SVD are defined as follows (Figure

7):
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White matter hyperintensities (WMH): Signal abnormalities appearing as

hyperintense lesions on T2-weighted fluid-attenuated inversion recovery
(FLAIR) sequences, typically presenting symmetrically across the cerebral
hemispheres.

Microbleeds (MB): Small areas of signal void with associated blooming

artifacts on T2*-weighted or susceptibility-weighted imaging (SWI),
reflecting focal hemosiderin deposition from prior microhemorrhages or

vascular leakage.

Cortical Superficial Siderosis: Thin areas of hypointensity on T2*-
weighted or SWI sequences located within or overlying the superficial
cortex, indicative of hemosiderin deposition in the subarachnoid space or
superficial cortical layers.

Enlarged Perivascular Spaces (ePVS): Small, fluid-filled spaces following

the typical course of perforating vessels, appearing isointense to CSF on
both T1-weighted (T1w), and T2-weighted MRI.

Lacunes: Round or ovoid subcortical fluid-filled cavities that mark the
territory of prior deep infarcts, identifiable across FLAIR, T1w, and T2-
weighted.

Recent subcortical infarct: A recent infarction in the territory of a single

perforating arteriole, typically occurring within the previous few weeks
(up to ~3 weeks), detected on T1w, FLAIR, and presenting as hyperintense
lesions on diffusion weighted imaging (DWI).

Cortical microinfarct: Small ischemic lesions appearing hypointense on

T1w and hyperintense on T2-weighted, FLAIR, or DWI.
Brain atrophy: Global or regional brain volume loss that is not attributable
to a specific macroscopic focal injury, such as trauma or a territorial

infarction.
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- DTIl-derived metrics: Using DWI, DTI models the magnitude and spatial

anisotropy of water diffusion to assess microstructural integrity. Indices
such as free water fraction and peak width of skeletonized mean
diffusivity (PSMD)'38 have recently been validated as highly sensitive

markers that often outperform conventional SVD metrics.139

A)

Cortical
microinfarcts

Figure 7. Neuroimaging spectrum of SVD. Representative MR/ findings demonstrating the
macroscopic sequelae of SVD. A) Lacunes on FLAIR, B) Cortical microinfarcts on Tlw, C) Cortical
superficial siderosis on SWI, (D) ePVS on T2-weighted, £) WMH on FLAIR, and (F) Cerebral MB on
SWI. Modified from Carmona-Iragui et al. (2019) and Duering et al. (2023).

1.3.4 Relationship between small vessel disease and
Alzheimer’s disease

Epidemiological evidence robustly demonstrates that AD and SVD share a wide
range of vascular and lifestyle risk factors.140.141 These include advancing age,
midlife hypertension, diabetes mellitus, smoking, hypercholesterolemia,
obesity, hyperhomocysteinemia, sleep apnea, and psychiatric symptoms such as
anxiety and depression. Moreover, both conditions are characterized by
overlapping pathophysiological mechanisms, including mitochondrial
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disruption, oxidative stress, chronic neuroinflammation, and metabolic

dysfunction.140,141

Post-mortem and epidemiological studies reveal the distinct prevalence of
specific SVD subtypes. Specifically, arteriolosclerosis has been observed in over
80% of autopsied individuals beyond 80 years of age.’#2 Crucially, pure
arteriolosclerosis independently accounts for between 5%'43 and 17%'29 of the
risk for AD dementia, a contribution that rises to 35% when concomitant
atherosclerosis is present.29 Conversely, CAA exhibits an estimated prevalence
of 25% in the general population over the age of 70744 and yet is found in over
85-90% of AD brains at autopsy.’45.146 Thus, CAA is not merely a comorbidity of
AD; rather, both are intrinsically linked manifestations within the broader

cerebral amyloidosis spectrum.147.148

1.3.5 Small vessel disease in Down syndrome

Individuals with DS present a striking paradox regarding cerebrovascular
disease. Despite a high incidence of factors that would conventionally predict
elevated cardiovascular risk, including obesity, a sedentary lifestyle, and
obstructive sleep apnea,'4? adults with DS show a remarkably low prevalence of
traditional vascular risk factors.4150 This dissociation is most dramatic for
arterial hypertension: whereas approximately 31.1% of adults worldwide are
affected,'s' prevalence in the DS population is virtually absent at 0-1%,4.149 with
blood pressure and heart rate values typically maintained in the low-normal
range, or even exhibiting hypotension.'49 Similarly, the rates of diabetes mellitus
(1%) and metabolic syndrome (5%) are remarkably diminished.'4? Dyslipidemia
also affects only 10-21% of adults with DS, with lipid levels typically remaining

within normal clinical ranges, contrasting sharply with the 25-40% prevalence
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seen in the general aging population. However, this vascular protection does not
extend to all systemic conditions: hypothyroidism, for instance, is highly

prevalent, affecting 43-61% of adults across their lifespan.4.149

In the DS population, neuropathological studies reveal a highly specific
cerebrovascular signature. Consistent with the near-absence of hypertension
and other traditional vascular risk factors, age-related vasculopathies, such as
atherosclerosis and arteriolosclerosis, are significantly less frequent in
individuals with DS compared to healthy controls and those with sAD.152.153
Consequently, the cerebrovascular landscape in DS is almost exclusively defined

by CAA.

The susceptibility to CAA in DS is driven, at least partially, by the triplication of
the APP gene on chromosome 21, which leads to the lifelong overproduction of
AB peptides.152,154 The most compelling evidence for a direct mechanistic role of
APP overexpression comes from the rare cases of partial trisomy 21 discussed
previously: individuals lacking APPtriplication exhibit not only an absence of AD
neuropathology but also a complete absence of CAA, even at advanced ages.5253
This gene-dosage relationship extends beyond DS: across genetically
determined forms of AD, including DS, ADAD with APP missense mutations, and
APPdup, the frequency and severity of CAA are significantly higher than in both
early- and late-onset sAD,'55 reinforcing that APP overdosage and mutations

directly drive severe vascular amyloid pathology.

Interestingly, pathophysiological divergences emerge within APP-driven
phenotypes. Specifically, in euploid APPdup carriers, massive AB deposition
occurs early and predominantly in blood vessels, involving both arteries and

capillaries, preferentially localizing to the visual cortex,'’5 even when
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parenchymal AB burden is low.156 Clinically, this severe vascular phenotype

renders APPdup carriers highly prone to intracerebral hemorrhages.!55

In contrast, CAA in DS exhibits a more diffuse distribution across cortical and
leptomeningeal vessels throughout the brain.’>5 Temporally, CAA typically
emerges in the fifth decade of life, occurring decades after the initial deposition
of parenchymal AP plaques.?1.152,157,158 This chronological delay suggests that a
specific threshold of AB accumulation in the brain parenchyma must be reached
before vascular deposition initiates. This is in line with post-mortem
assessments showing low levels of parenchymal AB deposits with an absence of
vascular involvement in individuals with DS without dementia, compared to
extensive AP deposition in both parenchyma and blood vessels in advanced

DSAD cases.156

Over recent years, /n vivo MRI has demonstrated that SVD pathology is a core,
early feature of the AD continuum in DS. Pioneering work applied the modified
Boston criterials? to assess the neuroimaging hallmarks of CAA, specifically lobar
MB, cortical superficial siderosis and lobar intracerebral hemorrhage (ICH) in DS
and ADAD compared to euploid controls.112 This study revealed that individuals
with DS exhibit a high frequency of CAA-related neuroimaging features, with
lobar MB being particularly prominent in symptomatic stages. Remarkably,
despite the high prevalence of CAA pathology, cerebral MB were not significantly
more frequent in DS than in other AD forms,'60 although lobar ICH occurred at
a higher frequency.’12 Additionally, the degree of WMH, visually assessed using
the Fazekas scale, increased significantly with both age and advancing clinical

stages of AD in DS.112
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Expanding these initial findings, a comprehensive multimodal MRI investigation
further characterized SVD in individuals with DS along the AD continuum,
extending the focus to a broader spectrum of SVD markers, encompassing WMH,
MB, ePVS, and infarcts.’6! This study robustly linked the burden of global and
regional WMH, ePVS, and infarcts to both age and AD clinical stages. Recent
neuroimaging studies have further characterized the SVD burden, revealing that
cortical microinfarcts and MB are significantly more prevalent in DS compared to
euploid controls. Both lesions increase with age and AD clinical diagnosis,
exhibiting a posterior spatial predominance involving parieto-temporo-occipital
areas.62,163 Furthermore, WMH burden was highly correlated with other SVD
markers, particularly ePVS, infarcts and MB, suggesting a shared

pathophysiological etiology.161.163

The pathophysiological overlap between SVD and AD in DS is supported by
recent fluid biomarker relationships. The presence of MB is significantly
associated with core AD fluid biomarkers in CSF, such as AB42/ AB40, pTaul81
and NFL.763 Similarly, the severity of WMH strongly correlates with plasma levels
of pTau217, NfL and GFAP,164.165 reinforcing the intrinsic link between SVD and

AD in DS.

A recent trajectory model has begun to delineate the chronological cascade of
these SVD markers, mapping a temporal sequence in which ePVS and covert
infarcts emerge by the early 30s, followed by overt WMH and MBs in the mid-
to-late 30s. Crucially, this vascular timeline evolves in tandem with the
accumulation of AD pathology.'66 However, the longitudinal dynamics of SVD in
DS remain largely understudied. To date, the only longitudinal analysis revealed
that the rate of WMH expansion accelerates significantly with clinical AD

progression in DS.167
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1.4 IDENTIFIED KNOWLEDGE GAPS

While the triplication of the APPgene establishes DS as an unparalleled biological
model for unraveling the interplay between AD, neurodegeneration, and
cerebrovascular pathology, a critical review of the current literature reveals
several fundamental gaps. Addressing these gaps is essential for characterizing
the AD continuum in DS and for developing sensitive biomarkers for future

therapeutic interventions.

Specifically, this thesis identifies the following core knowledge gaps:

1.4.1 Topography and dynamics of medial temporal lobe
atrophy

While the hippocampus and ERC are well-established targets of early AD
pathology, no studies to date have assessed the volumetry of MTL subregions
beyond these core areas across the full AD clinical continuum in DS. A thorough
characterization of the progressive involvement of these distinct subregions is
required to identify early structural biomarkers and provide deeper insights into
the spatiotemporal dynamics of neurodegeneration. Furthermore, mapping
these topographic changes is essential for establishing sensitive metrics of

neurodegeneration as outcome measures in clinical trials.

1.4.2 Spatial distribution and longitudinal evolution of white
matter hyperintensities

Although an increased burden of WMH has been recognized in adults with DS,
the precise spatial distribution of these lesions, which could provide crucial
anatomical clues regarding their underlying etiology, remains poorly
understood. Furthermore, despite the links between amyloidosis and SVD, no
study to date has systematically assessed the relationships between regional

28



WMH and established fluid and neuroimaging biomarkers of AD in the DS
population. Moreover, the longitudinal evolution of WMH in DS and their dynamic
association with advancing AD pathology remain poorly unexplored. A
comprehensive understanding of their natural history and pathophysiological

trajectory is strictly necessary to provide insight into their etiology.

1.4.3 Early microstructural white matter degradation

While markers like WMH capture macroscopic tissue damage, there is a critical
lack of neuroimaging data tracking early, microstructural WM injury associated
with SVD across the AD continuum in DS. Beyond traditional DTl metrics, the
PSMD, a dispersion-based measure that quantifies heterogeneity in water
diffusion along the WM skeleton, has emerged as a highly promising biomarker
for SVD. However, its performance and trajectory in DS remain uninvestigated.
Deep characterization using PSMD holds profound potential to yield novel
insights and serve as a sensitive, clinically relevant metric for detecting early WM

changes in AD.
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2. HYPOTHESIS AND

OBJECTIVES




2.1 GENERAL HYPOTHESIS

We hypothesize that, in adults with DS, AD-related neurodegeneration and SVD
emerge early, and progress in parallel along the AD continuum. Neuroimaging
markers, including MTL atrophy, WMH, and PSMD, will be associated with fluid
biomarkers of amyloid and tau pathology, neurodegeneration, and
neuroinflammation, providing complementary insights into the convergent

mechanisms underlying DSAD.

2.1.1 Specific hypothesis

1. MTL structures in DS will exhibit a progressive, non-linear, and region-
specific pattern of atrophy along the AD continuum, with decline emerging
prior to the expected age of symptom onset and following a topography

consistent with established AD neuropathological staging.

2. WMH burden in DS will increase with age and advancing clinical stage of AD,
following a steeper age-related trajectory than in euploid individuals and
emerging years before the expected onset of AD symptoms. WMH will be

strongly associated with biomarkers of neurodegeneration.

3. WMH will accumulate longitudinally in DS, with faster rates of progression in
individuals presenting clinical AD symptoms, greater neurodegeneration,

and higher SVD burden.

4. PSMD will detect microstructural WM damage earlier in DS than in euploid
individuals, emerging before symptom onset and increasing with advancing
clinical stage of AD. PSMD will be associated with neurodegeneration and

other SVD markers, and will precede WMH.
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2.2 GENERAL OBJECTIVE

To characterize the neuroimaging signatures of AD-related neurodegeneration
and SVD across the AD continuum in DS, focusing on MTL atrophy, WMH, and
PSMD, and to assess their associations with age, estimated years to symptom
onset (EYO), clinical stage, and fluid biomarkers of amyloid, tau,
neurodegeneration, and neuroinflammation, in order to clarify the temporal
emergence, regional topography, and interplay between neurodegenerative and

cerebrovascular processes in DSAD.

2.2.1 Specific objectives

1. To map the regional pattern of MTL atrophy across the AD continuum in DS
and to determine its associations with EYO, clinical stage and fluid

biomarkers of amyloid, tau, and neurodegeneration.

2. To characterize the prevalence, burden, and spatial distribution of WMH
across age and clinical stages of AD in adults with DS, and to evaluate their
relationship with biomarkers of AD pathology, neurodegeneration and

neuroinflammation.

3. To examine annual longitudinal changes in global and regional WMH volumes
in adults with DS and to identify the demographic, genetic, clinical, and

biomarker determinants of WMH trajectories across the AD continuum.

4. To evaluate PSMD across age and clinical stages of AD in DS, to assess its
associations with biomarkers of AD, neurodegeneration and SVD, and to

determine its temporal relationship with WMH.
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3. METHODS




The specific materials and methods employed in each individual study included
in this thesis are described in detail within their corresponding articles. The
present section provides a consolidated overview of the cohorts analyzed across
the four studies, along with a concise summary of the common methodological

approaches shared among them.

3.1 STUDY DESIGN

This thesis is based on a single-center study conducted in adults with DS from
the DABNI cohort,’68 as well as euploid, cognitively unimpaired controls, and
individuals with sAD from the Sant Pau Initiative on Neurodegeneration (SPIN)

cohort.169

3.1.1 DABNI cohort

The Alzheimer-Down Unit was established in 2012 as a collaborative initiative
between the Hospital de la Santa Creu i Sant Pau and the Catalan Down Syndrome
Foundation. Its primary clinical objective is the prevention, early detection, and
treatment of AD in adults with DS. To this end, a structured health plan for adults
with DS was developed, incorporating comprehensive annual medical and
neuropsychological evaluations as part of routine clinical screening. For
individuals with symptomatic AD, assessments are conducted every six months
or more frequently as clinically indicated, with visit frequency individually

adapted according to each participant's needs.

Building upon this clinical foundation, the DABNI cohort was launched in 2014
through a joint effort between the aforementioned institutions. All adults (=18
years of age) attending the Alzheimer-Down Unit are initially enrolled in the

routine health plan and subsequently invited to participate voluntarily in the
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DABNI research cohort, provided they or their legally authorized representatives

give informed consent or assent.

DABNI is a population-based, longitudinal cohort that employs a comprehensive
research protocol extending well beyond standard clinical care. Participants
undergo structured annual or semiannual neurological, neuropsychological, and
nursing assessments conducted by experienced clinicians. Furthermore, the
protocol incorporates a comprehensive and optional multimodal biomarker
program, encompassing neuroimaging, fluid biomarker collection (plasma and
CSF), and genetic profiling. By comprehensively integrating clinical, cognitive,
and biomarker data, DABNI not only advances basic and translational research
into the natural history of DSAD, but also contributes to the development of
therapeutic strategies by facilitating participation in clinical trials for adults with

DS.

Between its inception in 2012 and 2025, the overarching initiative successfully
recruited 1,232 participants with DS, yielding an unparalleled repository

comprising 2,223 plasma samples, 403 CSF samples, and 590 MRI studies.

3.1.2 SPIN cohort

The SPIN cohort study was initiated in 2011 as an umbrella project designed to
harmonize and integrate individual observational clinical studies conducted at
the Sant Pau Memory Unit (Hospital de la Santa Creu i Sant Pau, Barcelona, Spain).
The primary objective of the SPIN cohort is the discovery and validation of fluid
(plasma and CSF) and neuroimaging biomarkers across the spectrum of

neurodegenerative diseases.

To achieve this, the SPIN cohort captures a wide clinical population,
encompassing cognitively unimpaired controls, individuals with subjective

cognitive decline and MCI, as well as patients presenting with sAD,
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frontotemporal lobar degeneration-related syndromes, and dementia with Lewy
bodies. Crucially, the SPIN framework also integrates the DABNI cohort,

providing a unique infrastructure for comparative analyses.

Participant enrolment requires written informed consent for the collection of
multimodal clinical, biological, and imaging data. Inclusion criteria mandate a
detailed neurological and neuropsychological assessment, the acquisition of
biofluid samples, and a structural brain MRI. During the baseline visit, a
multidisciplinary team, comprising a neurologist and a neuropsychologist,
conducts a thorough review of the participant's medical history, a full physical
examination, and standardized cognitive testing. This clinical evaluation is
typically followed by venipuncture and lumbar puncture for biofluid collection
and neuroimaging acquisitions may be scheduled on separate days. Additionally,
specific participant subgroups undergo advanced phenotyping, including video-
polysomnography and/or molecular neuroimaging with radiotracers such as 8F-
FDG, amyloid PET, or Tau PET. The SPIN protocol employs a robust longitudinal
design: participants undergo annual clinical follow-ups for a minimum of four
years and are offered the opportunity to repeat neuroimaging and CSF biomarker

assessments every two years.

Between 2011 and 2025, the SPIN cohort has included 4,859 participants, and

gathered 3,327 CSF samples, 5,278 plasma samples and 1,493 MRI studies.

3.2 CLINICAL ASSESSMENT

3.2.1 Adults with Down syndrome

The routine neurological visit consisted of a structured anamnesis with both the
DS participant and their caregiver, and a physical examination performed by

expert neurologists. This clinical evaluation incorporated the Dementia
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Questionnaire for Persons with Mental Retardation, the Neuropsychiatric
Inventory, and the Cambridge Examination for Mental Disorders of the Elderly
with Down Syndrome interview, which leverages caregiver reports to detect
functional and cognitive changes relative to the individual's best-ever level of

functioning.

Participants also underwent a specialized neuropsychological protocol
specifically adapted for this population. This included the Spanish version of
Cambridge Cognitive Examination for Older Adults with Down Syndrome
(CAMCOG-DS),'70 the modified Cued Recall Test (mCRT),'7! the Cats&Dogs test
and a cancellation task. The CAMCOG-DS is a comprehensive cognitive battery
yielding a maximum total score of 109 (where higher scores indicate better
cognitive performance), comprising seven subscales that assess orientation,
language (comprehension and expression), memory (new learning, remote, and
recent), attention, praxis (visoconstruction and motor), abstract thinking, and
visoperception. The mCRT was utilized as a two-phase paradigm specifically

adapted to evaluate episodic memory in individuals with ID.

At baseline, the individual’s level of ID was categorized as mild, moderate, or
severe/profound based on the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition,'72 and the caregiver’s report of the individual’s best-
ever level of functioning. To further support the ID classification, the intelligence
qguotient is assessed using the Spanish version of Kaufman Brief Intelligence
Test,’73 administered only when there was no clinical suspicion of cognitive

decline, to avoid biased intelligence estimations.

The diagnostic workflow was structured sequentially, to avoid circularity in the
research studies. Initially, the neurologist and neuropsychologist conducted
independent evaluations, and established a diagnosis strictly blinded to each

other's findings and to all biomarker data. Following these independent
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assessments, there is a clinical consensus meeting between both professionals
to determine a joint clinical diagnosis based solely on clinical and
neuropsychological data. Finally, to establish the definitive diagnosis for a given
visit, this consensus was retrospectively revisited by integrating available

biomarker profiles and longitudinal follow-up data.

Based on this comprehensive procedure, participants were classified into one of
four diagnostic categories: (1) asymptomatic (aDS, i.e., no clinical or
neuropsychological suspicion of AD-related cognitive decline), (2) prodromal AD
(pDS, i.e., evidence of cognitive decline due to AD, but no significant impact on
baseline activities of daily living), (3) AD dementia (dDS, i.e., when the cognitive
decline impaired daily activities) and (4) uncertain (uDS, i.e., when there were
medical, pharmacological, and/or psychiatric conditions interfering with

cognition or daily activities, but no suspicion of neurodegenerative origin).

Moreover, longitudinal progression along the AD continuum was defined as a
change in clinical and cognitive status after carefully excluding other medical
and psychosocial confounders. Progression from aDS to pDS was established
when relevant cognitive or behavioural changes emerged without additional
interference in daily functioning, whereas progression from pDS to dDS was
defined when these changes began to compromise the patient's premorbid

personal autonomy.

3.2.2 Euploid controls and sporadic Alzheimer's disease

Participants in the SPIN cohort underwent a standardized neurological and
neuropsychological assessment to evaluate global cognitive impairment,
functional impact, and neuropsychiatric symptoms across multiple cognitive

domains.174 For clinical diagnostic staging, we used the Clinical Dementia Rating
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(CDR) global scale, Global Deterioration Scale - Functional Assessment Staging

(GDS-FAST) and the Mini-Mental State Examination (MMSE).

The clinical diagnosis of sAD, identifying individuals in both the MCI and
dementia stages of AD, was established following the National Institute on
Aging-Alzheimer’s Association criteria.'75176 |n a subset of participants with
available fluid biomarkers, AD diagnosis was further confirmed according to a
previously validated CSF biomarker cutoff (AB42/AB40 ratio < 0.062),'77

indicating the presence of amyloid pathology.

The cognitively unimpaired controls were volunteers, usually spouses or children
of patients from the Sant Pau Memory Unit, who were informed about our studies
at the outpatient clinics. They exhibited no cognitive complaints, scored 0 on
the CDR global scale, and/or 1 on the GDS-FAST. Their neuropsychological
evaluation was within the normal range for their respective normative groups
regarding age and education. Furthermore, none of the participants in the
control group reported any neurological or psychiatric disorders or other major

medical illnesses.

3.3 MRI ACQUISITION

All participants underwent MRI scanning at one of two institutions in Barcelona,
Spain: Hospital del Mar, using a 3 T Philips-Achieva scanner; or Hospital Clinic,
with a 3 T Siemens-Prisma scanner. MRI protocols include high-resolution
three-dimensional T1w, FLAIR, DWI and SWI. The specific acquisition parameters

for each sequence are detailed in Table 1.
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Table 1. 3T Tlw, DWI, FLAIR, and SWI acquisition protocols.

3T Philips - Achieva

(Hospital del Mar - Barcelona, Spain)

Protocol 1
Tiw DwI FLAIR SWI
Echo Time (ms) 3.8 78 140 24
Repetition Time (ms) 8.2 10800 10000 17
Flip Angle () 8 90 90 15
Number of Slices 160 80 140 130
Slice Thickness (mm) 1 2 1 1
Field of View (mm?) 256x256 256x256 | 256x256 | 512x512
Voxel Resolution (mm) 0.94x0.94x1 | 2x2x2 0.9x0.9x1 | 0.45x0.45x1
b-value 0;100
N. Directions 32
3T Siemens-Prisma
(Hospital Clinic- Barcelona, Spain )
Protocol 2
Echo Time (ms) 2.98 89 128 20
Repetition Time (ms) 2300 7700 9000 26
Flip Angle (°) 9 90 150 15
Number of Slices 240 60 45 192
Slice Thickness (mm) 1 2 1 0.75
Field of View (mm?) 256x256 250x250 | 220x220 240x240
Voxel Resolution (mm) 1x1x1 2X2x2 0.9x0.9%x3 | 0.75x0.75x0.75
b-value 30
N. Directions 0;1000
Protocol 3
Echo Time (ms) 2.96 71 397 20
Repetition Time (ms) 2300 3700 6000 26
Flip Angle () 9 90 120 15
Number of Slices 208 60 160 192
Slice Thickness (mm) 1 2 1 0.75
Field of View (mm?) 256x256 232x232 | 256x256 | 240x240
Voxel Resolution (mm) 1x1x1 2X2x2 1x1x1 0.75x0.75x0.75
b-value 127
N. Directions 0;500;
1000;
2000
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3.4 MRI PROCESSING

All MRI scans underwent visual quality control, and those with unsatisfactory raw

quality were excluded.

3.4.1 T1w preprocessing

Structural T1w images were preprocessed using the Computational Anatomy
Toolbox 12 version 8 (CAT12v8)178 toolbox of Statistical Parametric Mapping 12
(SPM12, Wellcome Centre for Human Neuroimaging, University College London,
Queen Square Institute of Neurology). CAT12 computed the image quality rating
(IQR), a weighted average image quality metric based on noise contrast ratio,
inhomogeneity contrast ratio, and resolution. For each participant, CAT12 was
used to segment probability maps for GM, WM, and CSF, as well as to extract
total intracranial volume (TIV) and the corresponding tissue volumes.
Furthermore, the Hammers atlas was also coregistered into the native T1w space

at each visit.

3.4.2 DWI preprocessing

DWI acquisition consisted of either single-shell protocol (b-value=1000 s/mm2)
or multi-shell (b-values=0,500,1000, and 2000 s/mm?2). To harmonize the data
across the cohort and follow the PSMD developers’ guidance that b-values
between 700 and 1200 s/mm?2 are required,’38 we retained only the b-value =
1000 s/mmz2 volume, which was extracted using fs/sp/it and reassembled with

fsImerge in FSL (v6.0.7.1).179

Preprocessing was performed with an in-house Python pipeline using Diffusion
Imaging in Python (DIPY).180 First, DWI images were denoised using Marchenko-
Pastur principal component analysis with dipy_denoise_mppca. Although a

subset of participants had additional reverse phase-encoded b=0 images
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enabling susceptibility distortion correction with FSL 7OPUP, this step was not
applied in order to maintain a uniform processing pipeline across the full cohort.
Exploratory analyses indicated that applying TOPUP did not significantly affect
the resulting PSMD values. Finally, for all participants, eddy-current and motion

correction were then applied with FSL £DDY.

3.4.3 WM parcellation

WM was parcellated for each subject using an in-house pipeline inspired by the
bullseye classification system previously developed by Sudre and colleagues.18!
Specifically, two distinct sets of parcellations were created: concentric layers and
lobar regions (for details, see Annex 2). For the concentric layers, we adapted
the approach proposed by Jiménez-Balado and colleagues'® and to compute a
normalized distance map, which reflects the distance of each WM voxel to the
lateral and third ventricles. For the lobar segmentation, we used the anatomical
Hammers atlas to label the WM according to the lobes (frontal, parietal,
temporal, occipital, and basal ganglia). The normalized distance map was then
applied to each lobar region, which were subsequently divided into four
concentric layers of similar volume. These layers spanned from the

periventricular regions to juxtacortical areas.

3.4.4 MTL structures

For individuals with multiple available MRI scans, the highest-quality TTw image
was automatically selected based on the IQR generated by CAT12. These Tlw
images then underwent automated segmentation of the MTL using the
Automatic Segmentation of Hippocampal Subfields (ASHS)-T1 pipeline, a
method validated in older adults and patients with AD.'8 This pipeline
automatically segments the whole hippocampus (anterior and posterior) and

extrahippocampal MTL subregions including ERC, Brodmann areas 35 (Br35,
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which approximates the transentorhinal cortex) and 36 (Br36), and
parahippocampal cortex (PHC), together with regional WM and the dura mater,
and accounts for some confounds of conventional approaches, such as dura
mater mis-segmentation.’84185 Following this, we applied a surface-based
modelling and groupwise registration pipeline, called CRASHS (Cortical
Reconstruction for ASHS; GitHub script (https://github.com/
pyushkevich/crashs),85.186 to compute the surfaces of the ERC, Br35, Br36 and
PHC. CRASHS integrates the detailed cortical reconstruction capabilities of
NighRes/CRUISE'87.188 with the precise MTL boundary definitions of ASHS,
enhancing the topographical accuracy of the segmentations. The corresponding
regional volumes were reported in cubic millimetres, and regional cortical
thickness was reported in millimetres. In Study 1, we assessed GM regions
relevant to AD: the anterior and posterior hippocampus, for which we focused
on volumes, in addition to the ERC, Br35, Br36 and the PHC, for which we
assessed cortical thickness. For these latter regions, we also present sensitivity

analyses using the volumes from ASHS-T1 (for details, see Annex 1).

To ensure the quality of ASHS-T1 segmentation, trained raters visually assessed
each segmentation and graded errors on a four-point scale (0 coded for no error,
and a severity level 1-3) based on the rater’s estimate of the percentage of area
affected.89 Minor deviations (<10% over- or under- estimation) were classified
as level T, moderate errors (10%-25%) as level 2, and severe errors (>25%) were
categorized as level 3. Level 3 errors resulted in automatic exclusion, whereas
level 2 errors underwent consensus review by two independent raters to

determine the final exclusion or inclusion of the subject.
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3.4.5 WMH segmentation

In Study 2, for the segmentation of WMH, raw FLAIR images were first
coregistered onto their corresponding T1w scan using Advanced Normalization
Tools (ANTs).190 Then, WMH were segmented in the MRI-native space using the
lesion prediction algorithm (LPA)'97 implemented in the Lesion Segmentation
Toolbox (LST v3.0.0) for SPM12. Specifically, the LPA method computed a WMH
probability map for each participant based on a logistic regression algorithm to
classify each voxel as either a lesion or non-lesion. These probability maps were

then binarized by applying a threshold of 0.3 (for details, see Annex 2).

In Study 3, to accurately quantify WMH evolution across multiple time points, we
employed the longitudinal pipeline implemented in LST for SPM12.192 This
pipeline is specifically designed to compare lesion probability maps previously
generated by the LPA across multiple time points. First, the longitudinal pipeline
of LST performed a rigid between-time-point coregistration of each
participant’s FLAIR images. The resulting space transforms were subsequently
applied to the lesion probability maps, ensuring that for each participant, all
FLAIR images and corresponding lesion maps were aligned in a common space.
Finally, relative changes in FLAIR signal intensity were computed for all voxels
that were labeled as a lesion in at least one time point. Through an iterative
procedure, the pipeline distinguishes true lesion change from natural variability
in FLAIR signal across time points. This yielded refined and binarized lesion
maps for each time point that were jointly informed by the full longitudinal

series.

Total WMH volumes were obtained as the intersection between the LPA-derived

lesion maps and the WM masks generated by CAT12v8. Regional WMH volumes
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were computed from the overlap between the binarized WMH maps and the WM

parcellation templates.

In Study 3, annualized changes in total and regional WMH volumes were
computed as the difference between the last follow-up and the baseline values,
divided by the corresponding time interval between visits, expressed in years.
Positive values indicate increases in WMH volume between the two time points,

while negative values indicate decreases in WMH volume.

3.4.6 PSMD computation

In Study 4, PSMD was automatically computed using the freely available script
developed by Baykara and colleagues (2016).138 Briefly, eddy-corrected DWI
scans were processed with the standard Tract-Based Spatial Statistics pipeline
in FSL. First, FA volumes were registered to the FMRIB 1 mm FA template in
standard space. Second, a WM skeleton was derived from the mean FA image
and thresholded at FA > 0.2 to exclude predominantly non-WM voxels. Third,
MD maps were projected onto the FA skeleton and further masked using the WM
skeleton mask, provided by Baykara and colleagues, with an FA threshold of >
0.3 to mitigate CSF partial volume effects. Finally, PSMD was calculated as the
difference between the 95t and 5th percentile values of the MD histogram within

the entire skeleton mask, representing a global WM diffusion metric.

3.4.7 MB segmentation

SWI scans were N4 bias field corrected using ANTs and coregistered to their
corresponding T1w image. Cerebral microbleeds were manually segmented in
ITK-SNAP (v3.8.0),93 as previously described.'63 Participants were classified

according to the presence of microbleed (MB- and MB+).
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3.5 BIOFLUID COLLECTION AND PROCESSING

A subset of participants underwent a lumbar puncture and/or blood extraction.
Blood samples were drawn at the time of the lumbar puncture or during a routine
clinical visit for participants who declined the lumbar puncture. While fasting
was not mandatory, the time elapsed since the participant's last meal was

systematically recorded.

CSF and blood samples were collected and processed in polypropylene tubes
following international recommendations.?94195 For the lumbar puncture, a total
of 15-20 mL of CSF was collected. The first 2 mL were immediately routed to the
general laboratory for standard cell count, glucose, and protein analyses. The
remaining volume, along with the collected blood samples, was transferred to
our research laboratory, where it was centrifuged (for blood), processed, and
aliquoted within two hours of collection. All aliquots were subsequently stored

at —80 °C until analysis.

3.5.1 Fluid biomarkers

CSF concentration levels of AB40, AB42 and pTaul81 were quantified using a
commercially available immunoassay in a fully automated platform (Lumipulse;
Fujirebio-Europe), following a previously published protocol.’6 CSF and plasma
GFAP concentrations were measured using the SR-X single-molecule array
(Quanterix). CSF NfL and YKL-40 levels were measured with enzyme-linked
immunosorbent assay (NF-Light Assay, UmanDiagnostics and MicroVue EIA,

Quidel, respectively) according to the manufacturer’s recommendations.

To define the presence of AD pathology, participants were stratified into
amyloid-positive (A+) and tau-positive (T+) groups based on previously

established clinical cut-off values.177 Specifically, an abnormal CSF AB42/AB40
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ratio (<0.062) was utilized to define amyloid positivity, while elevated CSF

pTaul81 (>63 pg/mL) was used to define tau positivity.

3.6 ETHICAL ASPECTS

All studies were approved by the Sant Pau Ethics Committee based on the
international ethical guidelines for medical research in humans, following
standards contained in the Declaration of Helsinki and Spanish law. All
participants, or their legally authorized representative, gave written consent

before enrolment.

3.7 STATISTICAL ANALYSES

Statistical analyses were conducted using R software (
) and the statistical significance threshold was set at p=0.05. Specific
statistical procedures are described within each study; here, we outline the

general statistical framework applied across studies.

Given that different MRI acquisition protocols were used, key neuroimaging
metrics were harmonized using the ComBat method,'% implemented in the
neuroCombat R library. In addition, W-scores were computed for each MTL

region to reduce the effects of age, sex, and TIV (see for details, Study 1).

Baseline demographic and clinical differences among groups were assessed
using the compareGroups R library.197 Chi-squared tests were applied to
categorical variables and Mann-Whitney or Kruskall-Wallis tests for non-
normally distributed continuous variables. Logarithmic transformation was

applied to variables exhibiting skewness.

Associations with age were examined using Spearman rank correlation or robust

linear regression models (robustbase R library). To represent the data, we
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performed locally estimated scatterplot smoothing (LOESS) curves with a tricubic
weight function and a span parameter of 0.75. The effects of sex, APOE €4
status, ID level, and AD clinical stage on neuroimaging metrics were evaluated
using Mann-Whitney or t-tests for two-group comparisons, and Kruskal-Wallis
or ANOVA followed by Dunn's or Tukey's post hoc tests for multi-group
comparisons, depending on data distribution. Participants classified as uDS were

excluded only from analyses stratified by AD clinical diagnosis.

Finally, associations between neuroimaging markers and fluid biomarkers were

assessed using robust linear regression models and Spearman rank correlations.
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Medial temporal lobe atrophy in Down
syndrome along the Alzheimer’s disease
continuum

Benjamin J. Buehner,»' @Alejandra O. Morcillo-Nieto,*' @Sara E. Zsadanyi,
Mateus Rozalem Aranha,’? ®José Enrique Arriola-Infante,>? ®Lidia Vaqué-Alcazar,'>*
Javier Arranz,’ ®Ifiigo Rodriguez-Baz,? ®Lucia Maure Blesa,’ (®Laura Videla,"*>
Isabel Barroeta,’? (®Laura Del Hoyo Soriano,’ Bessy Benejam,”” Susana Fernandez,’
Aida Sanjuan Hernandez,> ®Nuria Bargall4,®’ Sofia Gonzélez-Ortiz,%’
Sandra Giménez,>® Robin de Flores,’ ®Paul A Yushkevich,'° @Daniel Alcolea,’?
Olivia Belbin,"? ®Alberto Lle6,"* Maria Carmona-Iragui,’"*> ®Juan Fortea™*"
and (®Alexandre Bejanin'?

TThese authors contributed equally to this work.

Medial temporal lobe structures are among the first areas impacted by neurofibrillary tangle pathology, making volu-
metric changes of these areas promising biomarkers for Alzheimer’s disease. To date, little is known about the integ-
rity of these regions in individuals with Down syndrome, a population that almost invariably develops Alzheimer’s
disease and thus offers a unique opportunity to determine the earliest structural changes related to the disease. We
aimed to characterize the sequential involvement of medial temporal lobe structures with Alzheimer’s disease pro-
gression, explore associations with fluid biomarkers of Alzheimer’s pathology and assess the utility of regional vo-
lumes and cortical thickness in distinguishing Alzheimer’s disease clinical stages in Down’s syndrome.

One hundred and thirty-eight euploid controls and 259 adults with Down syndrome underwent clinical assessment
and MRI scanning, followed by automated segmentation of the medial temporal lobe on T1-weighted images.
Parametric statistical tests and local regression models were used to assess the cross-sectional association between
regional volumes/cortical thickness and Alzheimer’s disease clinical stage, estimated years of onset, and CSF biomar-
kers. Additionally, markers were assessed in their ability to distinguish clinical stages using area under the receiver-
operating characteristic curves.

Results showed a progressive loss of volume and cortical thickness in the medial temporal lobe with advancing
Alzheimer’s disease stage, showingreduced volume/thickness at the dementia stage in all subregions. The asymptomatic
and prodromal groups showed significant differences in the anterior and posterior hippocampus. We identified the en-
torhinal cortex and posterior hippocampus as the regions showing the earliest loss in Down syndrome, starting 13-15
years before Alzheimer’s disease symptom onset. We observed non-linear structural changes with disease progression,
with certain structures (e.g. the parahippocampal cortex) characterized by an initial increase in cortical thickness fol-
lowed by subsequent thinning. Of all subregions, the hippocampal volumes showed the closest correlation with CSF
amyloid-B4z/40, tau phosphorylated at threonine 181 and neurofilament light chain levels. Further analyses demonstrated
a high predictive value, similar to CSF biomarkers, of the hippocampus in differentiating between individuals with
asymptomatic versus prodromal/dementia Alzheimer’s disease in Down syndrome.

This study provides a novel understanding of the progressive, non-linear volumetric changes of medial temporal lobe
structures in relationship to Alzheimer’s disease pathology in Down syndrome, which can have important implications
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for clinical trials monitoring neurodegeneration using MRI. We also show that MRI information can refine the prediction
of clinical status in Down syndrome. This is particularly relevant in Down syndrome, where early clinical stages can be
challenging to detect owing to neurodevelopmental intellectual disability.
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Introduction

Down syndrome is caused by the trisomy of chromosome 21, which
resultsin an extra copy of the APP (amyloid precursor protein) gene."
This triplication is both sufficient and necessary to produce
early-onset Alzheimer’s disease pathology in Down syndrome,?
such that dementia is the leading cause of death in this population.?

Alzheimer’s disease is associated with the presence of intracel-
lular tau neurofibrillary tangles and extracellular amyloid-p (AB)
plaques,* which accumulate in a very similar pattern in Down syn-
drome to that observed in euploid individuals with Alzheimer’s
disease.”” The amyloid pathology in Down syndrome initially
manifests in the form of diffuse plaques in the temporal neocortex
of individuals in their late teens and it involves the hippocampus
and other neocortical regions at a relatively early stage.®®
Tau-associated pathological changes can be observed in the medial
temporal lobe (MTL) of individuals with Down syndrome in their
early thirties, starting in the transentorhinal cortex and the entorh-
inal cortex (ERC), with subsequent spread throughout the hippo-
campus and, later, the neocortex.®?

Tau pathology has been associated with grey matter atrophy as
measured with in vivo MRI'® and is closely related to neurodegen-
eration and cognitive decline.>*® Previous studies demonstrated
that atrophy in Alzheimer’s disease is first detected in the anterior
MTL, a key site of early tau build-up,'**® with accelerated rates of
atrophy of MTL subregions in preclinical Alzheimer’s disease in
the presence of tau pathology.'® These findings make MTL volumes
and cortical thickness promising biomarkers to detect early
Alzheimer’s disease stages and monitor its progression.

Identifying reliable biomarkers of early detection and disease
progression is especially crucial in Down syndrome, because the
symptoms of dementia are sometimes confounded with premorbid
intellectual disabilities or medical comorbidities.'” Based on a visual
scale, subjects with Down syndrome and Alzheimer’s disease were
found to have a more severe MTL atrophy when compared with eu-
ploidindividuals with Alzheimer’s disease.*® Global MTL atrophy, in
addition to hippocampal atrophy, has been observed and correlated
with dementia in Down syndrome, establishing the utility of MTL
assessments in this population.’®2° However, to date, no studies
have assessed the volumetry of MTL subregions beyond the hippo-
campus and ERC across the full Alzheimer’s disease clinical con-
tinuum in Down syndrome. Yet, a thorough characterization of
the progressive involvement of these subregions could help to iden-
tify early biomarkers of Alzheimer’s disease and provide new in-
sights into the dynamics and topography of structural changes
with disease progression. This, in turn, might be essential for clinic-
al trials that use metrics of neurodegeneration as outcomes of inter-
est. Employing a novel multiatlas segmentation software,
Automatic Segmentation of Hippocampal Subfields (T1-ASHS),*
the aim of this study was to explore the effect of Alzheimer’s disease
on MTL volumes and thickness in a large cohort of adults with Down
syndrome. Specifically, to identify regions of early volumetric
changes, we assessed the integrity of substructures of the MTL in re-
lationship to both clinical stages of Alzheimer’s disease and esti-
mated years from symptom onset (EYO). We further explored
associations with fluid biomarkers of Alzheimer’s disease path-
ology and tested the reliability of MTL volumes and thickness in dis-
tinguishing clinical stages of Alzheimer’s disease.
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Medial temporal lobe in Down syndrome

Materials and methods

This single-centre cross-sectional study involved 259 adults with
Down’s syndrome, who were recruited from the population-based
Down-Alzheimer Barcelona Neuroimaging Initiative (DABNI),>
and 138 cognitively unimpaired euploid adults [i.e. healthy controls
(HC)] derived from the Sant Pau Initiative on Neurodegeneration
(SPIN) cohort,?? in Barcelona, Spain. The study included partici-
pants of both sexes aged >18 years with available T1-weighted
(T1w) MRI scans and complete neurological and neuropsychologic-
al assessments.?>?* The study was approved by the Sant Pau Ethics
Committee based on the standards for medical research in humans
recommended by the Declaration of Helsinki. All participants, or
their legally authorized representative, gave written consent before
enrolment.

Participants with Down syndrome were screened for apolipopro-
tein E (APOE) haplotype and underwent comprehensive neurologic-
al and neuropsychological evaluation. Global cognition was
assessed using a Spanish version of the Cambridge Cognitive
Examination for Older Adults with Down syndrome
(CAMCOG-DS). CAMCOG-DS is a cognitive battery designed to
evaluate language, orientation, memory, attention, praxis, abstract
thinking and perception.”® Additionally, the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) was
used to categorize the level of intellectual disability into mild, mod-
erate or severe/profound,?® on the basis of the individual’s best ever
level of functioning, as determined from carers’ reports.

Participants were clinically classified into four groups in a con-
sensus meeting between a neurologist and neuropsychologist.
The classification was conducted after independent visits, with
both specialists masked from biomarker data. Individuals were ca-
tegorized as: (i) asymptomatic (aDS), when there was no clinical or
neuropsychological suspicion of symptomatic Alzheimer’s disease;
(ii) prodromal Alzheimer’s disease (pDS), when there was a suspi-
cion of cognitive impairment related to Alzheimer’s disease, but
symptoms did not fulfil criteria for dementia; (iii) Alzheimer’s dis-
ease dementia (dDS), when there was evidence of cognitive impair-
ment that interfered with everyday activities beyond the basal
functioning; and (iv) uncertain or non-degenerative neurocognitive
disorder (i.e. when there were medical, pharmacological or psychi-
atric conditions interfering with cognition or daily living activities,
but no suspicion of neurodegenerative origin).

The HC group were volunteers, usually spouses or children of
patients from the Sant Pau Memory Unit, who were informed about
our studies at the outpatient clinics. They exhibited no cognitive
complaints, scoring zero on the Clinical Dementia Rating scale,”
and their neuropsychological evaluation was within the normal
range for their respective normative groups regarding age and edu-
cation. None of the participants in the HC group reported any
neurological or psychiatric disorders or other major medical ill-
nesses.”> We selected only HC within the same age range as the
Down syndrome group, 18-65 years.

Subjects underwent MRI scanning at one of two institutions in
Barcelona, Spain: Hospital del Mar, using a 3T Philips-Achieva
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scanner; and Hospital Clinic, with a 3T Siemens-Prisma scanner.
The acquisition protocols are detailed in Supplementary Table 1.

T1lw images were first pre-processed using the Computational
Anatomy Toolbox (CAT12) implemented in SPM12 Software.
CAT12 computes a weighted average image quality metric (image
quality rating), based on noise contrast ratio, inhomogeneity con-
trast ratio and resolution.?® Based on this scoring, we automatically
selected the highest-quality T1w image for those individuals for
whom we had multiple MRI scans available. CAT12 was also used
to extract the total intracranial volume (ICV) for each individual.
The T1w images then underwent automated segmentation of
the MTL performed by ASHS-T1, a segmentation pipeline for MTL
validated in older adults and patients with Alzheimer’s Disease.?
This pipeline automatically segments the whole hippocampus (an-
terior and posterior) and extrahippocampal MTL subregions includ-
ing ERC, Brodmann areas 35 (Br35, which approximates the
transentorhinal cortex) and 36 (Br36), and parahippocampal cortex
(PHC), together with regional white matter and the dura mater
(Supplementary Fig. 1), and accounts for some confounds of con-
ventional approaches, such as dura mater mis-segmentation.?"*°
Following this, we applied a GitHub script (https:/github.com/
pyushkevich/crashs) to compute the surfaces of the ERC, Br35,
Br36 and PHC using a surface-based modelling and groupwise
registration pipeline called CRASHS.>**' CRASHS (Cortical
Reconstruction for ASHS) integrates the detailed cortical recon-
struction capabilities of NighRes/CRUISE?*?** with the precise MTL
segmentation of ASHS, enhancing the accuracy of segmentations.
The corresponding regional volumes of regions of interest (ROIs)
were reported in cubic millimetres, and regional cortical thickness
was reported in millimetres. In this study, we assessed grey matter
regions relevant to Alzheimer’s disease: the anterior and posterior
hippocampus, for which we focused on volumes, in addition to
the ERC, Br35, Br36 and the PHC, for which we assessed cortical
thickness. For these latter regions, we also present sensitivity ana-
lyses using the volumes from ASHS-T1. Given that different MRI ac-
quisition protocols were used to acquire the data, we harmonized
regional volumes and cortical thickness using the ComBat harmon-
ization method as implemented in the R library neuroCombat.>*
The quality of the raw T1lw images was assessed using the im-
age quality rating metric automatically generated by the CAT12
pipeline. Additionally, to ensure the quality of ASHS-T1 segmenta-
tion, trained raters visually assessed each segmentation and rated
segmentation errors on a four-point scale (0 coded for no error, and
a severity level 1-3) based on the rater’s estimate of the percentage
of area affected.®* Minor deviations (<10% over- or under-
estimation) were rated as level 1, an estimated error of 10%-25%
as level 2, and errors that caused >25% mis-segmentation were ca-
tegorized as level 3 errors. Level 3 errors resulted in an automatic
exclusion, whereas level 2 errors were assessed by two independ-
ent raters to determine the exclusion or inclusion of the subject.

To isolate the effects of Alzheimer’s disease pathology, we com-
puted W-scores for each regional volume and thickness of the
MTL.™ Specifically, a linear regression analysis including age, sex
and ICV (in the case of regional volumes), as independent variables,
was performed for each ROI'in the euploid control group aged 18-65
years. The coefficients (betas) and intercept of this regression were
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used to calculate, for each subject, a predicted regional volume and
thickness of the ROI based on the subject’s independent variables.
The W-score was then computed by subtracting this predicted va-
lue from the subject’s raw ROI volume/thickness and subsequently
dividing it by the standard deviation (SD) of the residuals of the
model, as seen in the equation below:

W-score (i) = ROIraw volume/thickness (i) — ROI predicted volume/thickness (i)

SD residuals

(1)

Thus, the W-scores reflect measures of regional volumes and cor-
tical thickness without the confounding effects of individual age,
sex and ICV (for volumes), based on a reference euploid population.
This previously validated technique minimizes confounding vari-
ables and preserves biologically relevant information.?¢3#

CSF biomarkers were acquired in 243 participants via lumbar punc-
ture, as previously described.>® Fluid concentrations of Ap peptide
1-40 (APao), AB peptide 1-42 (AB4o) and tau phosphorylated at threo-
nine 181 (pTaul81) were quantified using commercially available
immunoassay in a fully automated platform (Lumipulse G600II,
Fujirebio), following the previously described protocol.?? CSF neuro-
filament light chain (NfL) levels were assessed using an enzyme-
linked immunosorbent assay (UmanDiagnostics) based on the
manufacturer’s recommendations. To reduce skewness, concen-
trations of CSF biomarkers were logarithmically scaled. Finally,
the CSF AB4o/ABa4o ratio was used to stratify individuals according
to the presence of amyloid using previously established cut-off
values (i.e. CSF AB4o/ABso < 0.062).%°

All statistical analyses were performed with R v.4.3.2 (R Foundation
for Statistical Computing). Between-group differences in baseline
demographic  characteristics were assessed wusing the
compareGroups library, which uses y? tests for categorical variables
and Mann-Whitney and Kruskal-Wallis tests for continuous vari-
ables not following a normal distribution.*’ To assess the effect of
Alzheimer’s disease clinical stages on MTL volume/thickness (com-
puted as W-scores), we performed separate ANOVA testing for each
subregion, followed by Tukey’s HSD post hoc analysis, because they
follow normality. Associations between regional W-scores and EYO
were performed using locally estimated scatterplot smoothing
(LOESS) curves with a tricubic weight function and a span param-
eter of 0.75. Consistent with previous studies,®” the EYO was ob-
tained for every individual with Down syndrome, regardless of
clinical grouping, by subtracting 53.8, the mean age of
Alzheimer’s disease diagnosis in this population based on previous
literature,® from the age of each subject. A piecewise linear regres-
sion model was fitted to the data using the R Segmented package®” to
identify a singular inflection point for each ROJ, i.e. a change in the
linear relationship between age and volume/thickness. Spearman’s
correlation tests were performed to assess the association between
volume/thickness and CSF biomarker concentrations.

Finally, we derived an optimal multivariate model to differenti-
ate symptomatic Down syndrome (sDS; comprising pDS and dDS)
from aDS, based on the best trade-off between fit and model com-
plexity. Model fit and complexity were evaluated using the Akaike
information criterion. This model was created initially using the
volume/thickness for all ROIs and relevant demographics (age,

B.J. Buehner et al.

sex, APOE €4 status, intellectual disability and CSF biomarkers).
We then performed a backward stepwise regression to reduce mod-
el complexity while maintaining similar model performance until
reaching the multivariate model with the lowest Akaike informa-
tion criterion. The area under the receiver-operating characteristic
curve (AUC) was then used to compare the optimal multivariate
model with individual MTL regions and CSF biomarkers in their
ability to predict the emergence of Alzheimer’s disease clinical
symptoms by differentiating aDS patients from sDS. DeLong statis-
tics were used to compare the different AUC models directly in their
ability to predict Alzheimer’s disease staging.

A bilateral P-value of <0.05 was considered significant for all
testing, and Bonferroni corrections were applied in regional vol-
ume/thickness analyses to account for multiple comparisons.

Results

A total of 413 participants met the inclusion criteria and had the ne-
cessary T1w MRI scans and cognitive testing. Fifteen participants
with Down syndrome were excluded owing to insufficient T1w im-
age quality or unsatisfactory ASHS segmentation, resulting in the
final inclusion of 259 individuals with Down syndrome and 138
healthy controls (see demographics in Table 1; for details on sample
size for each biomarker, see Supplementary Table 2).

Participants with Down syndrome were significantly younger
[median (IQR) age, 46.97 (12.28) years] than HCs [54.87 (7.99) years,
P <0.001] and presented a lower proportion of females (40.93% ver-
sus 71.01%, P <0.001). The HC had a higher frequency of APOE ¢4
carriers than individuals with Down syndrome (P=0.04). As ex-
pected, individuals with Down syndrome demonstrated lower va-
lues in CSF for the AB4/AP4o ratio and higher concentrations of
pTaul81 and NfL (all P < 0.001). Among individuals with Down syn-
drome, 149 were classified as aDS, 41 as pDS and 69 as dDS. As ex-
pected, there were significant between-group differences in age,
CAMCOG-DS scores and CSF biomarkers (P < 0.001). However, the
distribution of participants by sex, APOE ¢4 status and intellectual
disability did not differ significantly across groups. The quality of
raw T1w MRIimages, as assessed by the image quality rating metric
generated by CAT12, was slightly better in the euploid control group
[2.01 (0.24)] compared with the Down syndrome group [2.11 (0.48),
P <0.001], but did not differ among subgroups within the Down syn-
drome cohort (P=0.36). It is worth mentioning, however, that
99.25% of scans had at least a satisfactory quality according to the
CAT12 metric, and we visually ensured sufficient quality of MTL
structures for segmentation for all participants.

Regional volume/cortical thickness increased progressively with
the clinical staging of Alzheimer’s disease in Down syndrome,
with a significant group effect for all ROIs (P<0.001; Fig. 1 and
Supplementary Table 3 for detailed statistical values). Specifically,
individuals in the dDS group presented significantly lower
volume/thickness than aDS (P <0.001) and pDS (P-values between
P =0.033 and P < 0.001) for all MTL regions. pDS presented lower vol-
ume than aDS in the anterior (P=0.045) and posterior (P < 0.001)
hippocampus, but no significant differences in thickness were
found in the ERC (P =0.657), PHC (P =0.857), Br35 (P =0.396) or Br36
(P=0.284). Finally, in comparison to HC, the aDS group
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Figure 1 Regional volume and cortical thickness of medial temporal lobe structures across the Alzheimer’s disease continuum. Box plots represent the
effect of clinical groups on the W-score (age-, sex- and ICV-adjusted volume or thickness) of the anterior (A) and posterior (B) hippocampus, ERC (C),
PHC (D), Br35 (E) and Br36 (F). For each boxplot, the box represents the interquartile range, the band represents the median value, and the dots represent
individual values. Significance is set at P <0.05 using the Bonferroni correction. *P <0.05; *P <0.01 and **P <0.001. aDS = asymptomatic DS; Br =
Brodmann area; dDS = DS with Alzheimer’s dementia; DS = Down syndrome; ERC = entorhinal cortex; HC = healthy/euploid controls; ICV = total intra-
cranial volume; ns = no significance; pDS = prodromal DS; PHC = parahippocampal cortex.

Predicting clinical Alzheimer’s disease staging using
regional MTL volumes and cortical thickness

Among regional volumes and cortical thickness of the MTL, the pos-
terior hippocampus [AUC 86.32, 95% confidence interval (CI) 79.93,
92.71] showed the highest accuracy to differentiate between asymp-
tomatic (n=73) and symptomatic (n==65) individuals, followed by
the anterior hippocampus (AUC 74.96, 95%CI 66.62, 83.30), Br36
(AUC 66.98, 95%CI 57.75, 76.21) and Br35 (AUC 66.34, 95%CI 57.12,
75.57) (Fig. 4; for more details, see Supplementary Table 5).
Backward stepwise regression showed that the optimal multivariate
model to differentiate aDS from sDS, based on a trade-off between fit
and model complexity, included the posterior hippocampus, age,

CSF pTaul81 and the PHC (AUC 96.38, 95%CI 93.64, 99.11) (Fig. 4).
This optimal model outperformed the models including the poster-
ior hippocampus (AUC 96.38 versus AUC 86.32, P=0.005), CSF
pTauldl (AUC 96.38 versus AUC 89.88, P=0.032) or NfL (AUC 96.38
versus AUC 88.77, P=0.015) and presented a trend for significantly
better performances compared with CSF AB4o/AB4o (AUC 96.38 versus
AUC 90.41, P=0.056; Supplementary Table 6).

Discussion

In the present study, we used a novel segmentation approach in a
large, well-characterized cohort to address the knowledge gap
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Figure 2 Regional volume and cortical thickness of medial temporal lobe structures along EYO in individuals with Down syndrome. (A) Line plots re-
present the relationship between W-scores (age-, sex- and ICV-adjusted volume or thickness) against the estimated age of onset (EYO: 53.8 years) of
Alzheimer’s disease in Down syndrome. The anterior (B) and posterior (C) hippocampus, entorhinal cortex (D), parahippocampal cortex (E), Brodmann
area 35 (F) and Brodmann area 36 (G) are depicted individually. Lines were computed using estimated scatterplot smoothing (LOESS) curves. Shaded
areas represent the 95% confidence interval. Points represent linear model inflection values, computed against EYO. Colour indicates each region of the
medial temporal lobe. EYO = estimated years from symptom onset; ICV = total intracranial volume.

surrounding the evolution of volumes and cortical thickness of the
MTL, a key site of early Alzheimer’s disease neuropathology, in
Down syndrome. We found that MTL volumes and cortical thick-
ness decreased with EYO and advancing Alzheimer’s disease stages
in Down syndrome. Specifically, we identified the ERC and posterior
hippocampus as the regions showing the earliest structural loss in
Down syndrome, with a decrease in volumes and cortical thickness
starting at ages 38-40 years, 15-13 years before onset of Alzheimer’s
symptoms. We also demonstrated the utility of posterior hippo-
campal volume in differentiating between asymptomatic indivi-
duals and those with symptomatic Alzheimer’s disease in Down
syndrome. Posterior hippocampal volume demonstrated a similar
performance to CSF biomarkers of Alzheimer’s disease pathology
to detect symptomatic Down syndrome, and it presented a very
high predictive value to detect symptomatic Down syndrome
when combined with CSF pTaul81, PHC thickness and age.
Finally, our results indicated non-linear structural changes with
EYO, with some MTL structures showing an initial period of in-
creased cortical thickness before their subsequent thinning.
Taken together, this study is the first to characterize the progres-
sive non-linear involvement of the MTL across all clinical stages
of Alzheimer’s disease in the context of Down syndrome and helps

to establish the utility of MTL subregions, including the posterior
hippocampus, as reliable early biomarkers of disease progression.

We observed a progressive loss of volume/thickness of all MTL
regions with advancing Alzheimer’s disease stage. Individuals
with Alzheimer’s dementia showed significantly lower volumes/
thickness than prodromal and asymptomatic adults with Down
syndrome, and the prodromal group presented an intermediate
profile of atrophy, with significant differences from the aDS in the
anterior and posterior hippocampus. Our results are consistent
with and expand on previous studies showing the specific vulner-
ability of MTL structures in autosomal dominant Alzheimer’s dis-
ease?®** and Alzheimer’s disease in Down syndrome'®?°** by
including a large cohort of Down syndrome covering all clinical
stages of Alzheimer’s disease and assessing multiple MTL subre-
gions. Very few studies have previously examined the integrity of
MTL regions, beyond the hippocampus, in the pDS group.>*® One
study reported thickening in the left but not the right ERC in a small
sample of pDS (n = 18).*”” Here, we assessed the thickness bilateral-
ly, and we did not find differences in volume or thickness in ERC be-
tween pDS and aDS. Differences were also not found when
considering the left and right ERC separately (P> 0.05, data not
shown). This discrepancy might be explained by the methods
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Figure 3 Associations between regional volume and cortical thickness of the medial temporal lobe and CSF biomarkers of Alzheimer’s disease. Plots
show the association between W-scores (age-, sex- and ICV-adjusted volume or thickness) of the medial temporal lobe and CSF AB4y/AB4o (A), CSF
pTaul8l (B) and CSF NfL (C). The p and P-values were obtained using Spearman correlation. Colour indicates each region of the medial temporal
lobe. Shaded areas represent the 95% confidence interval. CSF markers are logl0 scaled. p = Spearman correlation coefficient; AB4,/AB4o = concentration
ratio between amyloid-p peptide 1-42 and amyloid-B peptide 1-40 (in pg/ml); aHip = anterior hippocampus; Br = Brodmann area; ERC = entorhinal cor-
tex; ICV = total intracranial volume; NfL = neurofilament light chain concentration (in pg/ml); PHC = parahippocampal cortex; pHip = posterior hippo-
campus; pTaul81 = tau phosphorylated at threonine 181 concentration (in pg/ml).

used to segment this structure (Freesurfer versus ASHS) and adjust
confounding variables or by the clinical stage of the prodromal
cases (i.e. early versus late prodromal stage).

To characterize the trajectory of the volume/thickness further,
we used a continuous measure of Alzheimer’s disease stage, the
EYO. Individuals with Down syndrome display a reliable accumula-
tion of pathology across their lives,” and the EYO for Alzheimer’s
disease symptoms presents the same variability in Down syndrome
as in autosomal dominant Alzheimer’s disease.? Therefore, EYO is
considered a valid estimator of Alzheimer’s disease-related pro-
cesses and has been used successfully to assess the dynamic of
brain and fluid biomarkers along the Alzheimer’s disease course
in Down syndrome.®” The results confirmed a decreased integrity
with advancing EYO across all regions of the MTL in Down syn-
drome, despite regional differences in trend morphology.
Importantly, we established the ERC to be the first region to show
a linear changepoint towards an accelerated rate of atrophy, ~15
years before the mean age of Alzheimer’s disease diagnosis in
Down syndrome (i.e. 53.8 years),? followed by the posterior hippo-
campus and Br35, the anterior hippocampus and, finally, the PHC
and Br36 at ~45 years of age, ~9 years before mean onset. This pat-
tern is largely in line with staging in prior longitudinal studies in
sporadic Alzheimer’s disease, which also show early volume loss
in the posterior hippocampus and ERC,'®*® and studies in auto-
somal dominant Alzheimer’s disease that demonstrated a decrease
in hippocampal volumes at -5 to —15 EY0.**"> Our results are also
in agreement with the sequential pattern of tau deposition,®®>*
which begins in the ERC and transentorhinal regions at around
—20 EYO (~30 years of age) in Down syndrome, before spreading

into the hippocampus and temporal cortex. Tau pathology is tightly
related to neurodegeneration at post-mortem examination and to
grey matter atrophy in vivo.'®'*'® Thus, our results suggest that
structural MRI, many years before symptom onset, can detect
changes in volume/thickness in Down syndrome likely to be related
to the early tau deposition.

Using LOESS curves and piecewise linear regression, we mod-
elled the non-linear association with EYO to identify different tra-
jectory types. The posterior hippocampus presented a
progressively decreased volume with EYO, whereas the anterior
hippocampus, Br35 and Br36 showed limited structural changes
for many years, followed by a steep decline. Previous literature con-
cerning the effect of age on MTL atrophy has reported relatively
contradictory results in Down syndrome. Beacher et al.>® found a
lack of age-related atrophy of the hippocampus in non-demented
individuals with Down syndrome, whereas other studies have
found evidence for hippocampal and parahippocampal atrophy
preceding symptom onset>®>® and diffuse cortical atrophy starting
at an early age.”® These conflicting results might be explained, in
part, by the non-linear trajectory of changes in MTL regions and
the initial increased volume/thickness in some structures.
Indeed, in the ERC and PHC, we found initial age-related increases
in cortical thickness until roughly —10 to —15 EYO, after which the
thickness trended steeply downwards. This result mirrors previous
findings in autosomal dominant Alzheimer’s disease**¢%®! and
sporadic Alzheimer’s disease,*®*? arguing for a non-linear model
of structural changes in Alzheimer’s disease, with initial increases
of regional cortical thickness, and not the hippocampus, at the pre-
clinical stages, followed by a decreased integrity.°* Although the
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Figure 4 Receiver-operating characteristic curves comparing the multivariate model, CSF biomarkers and medial temporal lobe cortical thickness and
volumes in staging Alzheimer’s disease. The curves illustrate the performance of each model in distinguishing between asymptomatic (n=73) and
symptomatic (prodromal + dementia, n=65) individuals with Down syndrome. The best model fit includes age, pTaul81, posterior hippocampus
and parahippocampal cortex. Colour indicates different models/biomarkers. AB4,/AB4o = concentration ratio between amyloid-p peptide 1-42 and
amyloid-p peptide 1-40 (in pg/ml); AUC = area under the curve; NfL = neurofilament light chain concentration (in pg/ml); pTau181 = tau phosphorylated

at threonine 181 concentration (in pg/ml).

biological substrate of this initial increase remains uncertain, it has
been proposed to be related to the build-up of Af and neuroinflam-
matory changes.®® In support of this notion, clinical trials of
Ap-lowering therapies have shown cortical thinning as A burden
is lowered.®®®” Neuroinflammation has been found to peak in
younger adults with Down syndrome and begins to wane in adults
>39 years of age.®® In our study, this initial increase occurs at a time
(approximately —20 EYO, age ~30 years) when middle-aged indivi-
duals with Down syndrome can present with AB pathology, oxida-
tive damage and neuroinflammation in the ERC and PHC.>® This
timing aligns well with the increased cortical thickness found in
autosomal dominant Alzheimer’s disease.™®' Additional studies
are needed to further establish this trend morphology and its bio-
logical underpinnings. Of note, the non-linear trajectory of Br35
and ERC, and their changes at the preclinical stage, are likely to ex-
plain the lack of significant differences between aDS and pDS
groups.

Prior literature has shown hippocampal volume to be useful in
categorizing individuals with Down syndrome as having

dementia.®® Moreover, both the hippocampus® and global MTL at-
rophy®® have been correlated with memory scores in adults with
Down syndrome. Our group also reported a steepening decline in
hippocampal volumes at roughly —13 EYO.? Using a larger sample
of adults with Down syndrome (n = 260 compared with the previous
170, with <50% overlap in cohorts), we replicated our earlier find-
ings and additionally revealed that structural changes in the pos-
terior hippocampus occur before those in the anterior part. We
also demonstrated that, among all subregions of the MTL, the pos-
terior hippocampus showed the best ability to predict aDS versus
sDS grouping, followed by the anterior hippocampus and Br36.
The posterior hippocampus also performed in a similar manner
to established CSF biomarkers in categorizing sDS, with an AUC
of 86. The higher predictive value of this structure might be ex-
plained, in part, by the early decline and relatively linear associa-
tions with EYO. In the euploid population, Xie et al.'® found the
posterior hippocampus among the areas to demonstrate the largest
longitudinal atrophy in preclinical Alzheimer’s disease. Other stud-
ies have also found the area including the posterior hippocampus
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to be atrophied in early prodromal stages.”® It is also possible that
the segmentation quality contributed to the high performances of
the posterior hippocampus volume, because this region is typically
well and reliably segmented.”®

We also derived an optimized multivariate model, which in-
cluded age, CSF pTaul81, the volume of the posterior hippocam-
pus and the thickness of the PHC. This multivariate model
showed a superior performance in comparison to individual
ROIs and traditional CSF biomarkers. These findings suggest
that the inclusion of MRI-derived markers can be useful to im-
prove the prediction of Alzheimer’s disease clinical status in
adults with Down syndrome. These metrics provide a snapshot
of the degenerative process in the MTL and are therefore comple-
mentary to CSF biomarkers reflecting ongoing biochemical and
pathological changes. To date, this is the first time that a study
has compared the diagnostic value of MRI versus CSF biomarkers
for Alzheimer’s disease clinical status in the context of Down
syndrome. Previous investigations combining neuroimaging
and fluid biomarkers in the euploid population have reported
that the best model to predict Alzheimer’s dementia onset with-
in 4 years includes plasma biomarkers, APOE ¢4 status, clinical
variables and the cortical thickness in the Alzheimer’s disease
signature regions, yielding superior diagnostic prediction of
Alzheimer’s dementia compared with memory clinic physi-
cians.”! Thus, incorporating topographic information related to
neurodegeneration can fine-tune the prediction of cognitive sta-
tus and cognitive decline in Alzheimer’s disease. These findings
remain to be validated in the Down syndrome population, but a
multifactorial prediction model would presumably provide
even greater value in a population where symptoms of dementia
are often confounded with concurrent intellectual disabilities or
medical comorbidities.

The CSF ratio of AB4y/ABaois an important established marker of
Alzheimer’s disease that can be detected early in disease progres-
sion, before dementia onset.”? As expected, significant positive cor-
relations were found between CSF ABi./ABs and hippocampal
volumes in adults with Down syndrome. CSF pTaul81 and CSF
NfL, two markers of tau intracellular neurofibrillary tangle path-
ology and neurodegeneration, were likewise negatively correlated
with hippocampal volumes. Thus, our results further confirm that
hippocampal volume is a reliable biomarker of Alzheimer’s disease
pathological processes in Down syndrome. Additionally, CSF NfL
was closely correlated with Br36 thickness (P =0.008), while Br35
and the ERC trended towards significance (P=0.088 and P =0.061,
respectively). Prior research in Down syndrome has found a close
association between plasma NfL, MTL grey matter and memory
scores.”” CSF pTaul81 was found to be more closely tied to MTL vo-
lumes and cortical thickness than CSF AB4,/AB4o. This is in line with
literature that has demonstrated a closer relationship between tau
and neurodegeneration than between amyloid and neurodegenera-
tion.’®’37* Interestingly, despite other subregions trending towards
significance, ERC thickness (P=0.036) was the only non-
hippocampal area significantly correlated with CSF pTau181, while
Ap showed no significant correlations beyond the hippocampus.
This might be attributable to the non-linear nature of atrophy in
this population and to the synergistic effect of tau and Ap path-
ology’® on MTL integrity.

In comparison to the euploid control group, individuals with
Down syndrome at the asymptomatic stages demonstrated lower
adjusted hippocampal volumes, which corroborates previous stud-
ies on Down syndrome and suggests a neurodevelopmental abnor-
mality linked to trisomy 21.'82%6%7677 Additionally, aDS showed

B.J. Buehner et al.

increased ERC, PHC and Br35 thickness compared with HC.
Although few studies have specifically assessed the integrity of
MTL structures in Down syndrome, a general increase in cortical
thickness and decrease in surface area were described previously
in this population.”®’87° Some studies have also reported a larger
PHC in Down syndrome compared with the euploid population.®°-5
Among other hypotheses, it was proposed that this increased thick-
ness reflects abnormalities in pruning and grey-white matter con-
trast, which is altered in Down syndrome.®* Notably, a recent
study using 7 T MRI scans found no differences in ERC volumes be-
tween young asymptomatic individuals with Down syndrome and
HC.”® However, the young age of this cohort (mean age 24.5+6.5
years) might explain the differences from our results, because ERC
volume and thickness increased with age until ~40 years.

The main strength of this study is its large, well-characterized
population, with a wide age range and multimodal assessments,
allowing us to assess MTL volumetric changes alongside CSF bio-
markers. By using W-scores, we took a robust volumetric normal-
ization approach to account for relevant confounding variables,
allowing for isolation of Alzheimer’s disease pathological effects.
Additionally, we explored and compared key MTL subregions,
such as Br35 and Br36, in the context of Down syndrome. The
usage of ASHS-T1 as a segmentation pipeline helped to overcome
various confounds associated with commonly used pipelines,
such as Freesurfer, including the common mis-segmentation of
the dura mater.?>?°

Limitations of the study include its cross-sectional design,
which prevents testing the sequence of brain changes in the MTL
over time and confirming that volume/thickness loss reflects atro-
phy. Although the uniform development of Alzheimer’s disease
pathology in Down syndrome>#* allows for consistency in large co-
horts and helps to ablate some of the limitations inherent to a
cross-sectional design, it would be important for longitudinal stud-
ies to confirm the progressive pattern of volume/thickness loss
over time, in addition to the initial increase observed in some re-
gions. Moreover, we did not use an MTL template specific to the
Down syndrome population, and the MTL segmentation was per-
formed on a standard 3 T T1w image. Although visual assessment
confirmed appropriate MTL segmentation, studies using higher
MRI resolution, as done by Koenig et al.,”® and accounting for the
brain morphology in Down syndrome, are necessary to verify our
results. Finally, the multivariate predictive model computed in
this study should be tested in a validation cohort, because the stat-
istical normalizations risk overfitting the results to one cohort.

Conclusion

In summary, using one of the largest multimodal cohorts world-
wide, we demonstrated volume/thickness loss of MTL structures
starting ~15 years before onset of Alzheimer’s symptoms. The
changes in relationship to EYO were not linear and varied in
morphology according to the MTL structures. We also reported a
progressive decreased integrity of MTL regions with advancing
Alzheimer’s clinical stages and established a powerful combination
of biomarkers to predict the presence of Alzheimer’s dementia
symptoms in this population. Altogether, our findings underscore
the promise of MTL neuroimaging biomarkers to detect early
Alzheimer’s disease pathological processes in Down syndrome
and track disease progression. Longitudinal studies are necessary
to assess the effectiveness of these biomarkers in detecting neuro-
degeneration over time in this population.
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1 | BACKGROUND

Down syndrome (DS) is a genetic condition caused by an extra copy
of chromosome 21 that has been associated with an ultra-high risk of
developing Alzheimer’s disease (AD), with virtually all individuals with
DS showing full-blown AD neuropathology by the age of 40.12 A key
factor driving this increased risk is the triplication of the amyloid pre-
cursor protein (APP) gene, which is necessary and sufficient to cause
AD pathology.® As a result of the overexpression of APP, amyloid beta
(AB) plaques, a hallmark feature of AD, accumulate early and rapidly in
the brain and eventually lead to cognitive impairment and dementia.*
Thus, DS is currently considered a genetically determined form of AD.2

It is increasingly recognized that studying AD in individuals with
DS can provide valuable insights into its pathogenesis. Alongside the
predictable course of AD,® adults with DS present a distinct profile of
vascular risk factors from aging in the general population,® as they are
relatively protected from some conventional age-related vascular risk
factors, such as hypertension.” Thus, this population provides a unique

opportunity to further understand the emergence of cerebrovascular

associations with AD clinical stages, sociodemographic data, cerebrospinal fluid (CSF)
AD biomarkers, and gray matter (GM) volume.

RESULTS: In DS, total WMHs arose at age 43 and showed stronger associations with
age than in controls. WMH volume increased along the AD continuum, particularly
in periventricular regions, and frontal, parietal, and occipital lobes. Associations were
found with CSF biomarkers and temporo-parietal GM volumes.

DISCUSSION: WMHs increase 10 years before AD symptom onset in DS and are
closely linked with AD biomarkers and neurodegeneration. This suggests a direct

connection to AD pathophysiology, independent of vascular risks.

Alzheimer’s disease, Down syndrome, magnetic resonance imaging, neuroimaging, small vessel
disease, white matter hyperintensities

* White matter hyperintensities (WMHSs) increased 10 years before Alzheimer’s
disease symptom onset in Down syndrome (DS).
* WMHSs were strongly associated in DS with the neurofilament light chain biomarker.

* WMHs were more associated in DS with gray matter volume in parieto-temporal

diseases, specifically small vessel disease (SVD), in the context of AD
without the confounds of age-related vascular risk factors.

One of the main imaging markers of SVD is white matter hyperin-
tensities (WMHSs) of presumed vascular origin.8 WMHs are areas of
increased signal on T2-weighted or fluid-attenuated inversion recov-
ery (FLAIR) magnetic resonance imaging (MRI).%10 They can reflect
distinct pathological processes related to SVD, including increased
interstitial fluid, demyelination, gliosis, loss of fibers and oligodendro-
cyte precursor cells, and failure of the glymphatic system.211 These
lesions are frequently found in healthy older adults and their preva-
lence and severity increase with age.'2 The occurrence of WMHs is also
increased in individuals with sporadic’?1® and other genetic forms of
AD.¥15 |n adults with DS, the prevalence and severity of WMHs are
increased in both asymptomatic and symptomatic DS with respect to
euploid cognitively unimpaired controls'® and WMH volume increases
along the AD continuum.” Altogether, this suggests that these lesions
may be related to AD development. However, little is known about
the spatial distribution of WMHs in DS, which could provide insight

into their etiology. Moreover, to our knowledge, no study has yet
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assessed the relationships between WMHSs and fluid and neuroimaging
biomarkers of AD in DS.

In the present study, we aimed to better characterize WMHs
and their relationship to sociodemographic, clinical, genetic, and AD
biomarkers in a large population-based cohort of adults with DS. We
particularly focused on regional WMH burden along the AD contin-
uum and its associations with AD biomarkers. We hypothesize that the
early accumulation of AD pathologies in DS will lead to WMHs years
before symptoms onset, which will eventually increase as the disease

progresses.

2 | METHODS
2.1 | Study design and participants

This cross-sectional study was conducted at a single center, where
adults with DS aged > 18 were recruited from the population-based
Down-Alzheimer Barcelona Neuroimaging Initiative (DABNI) cohort.?
A sample of euploid cognitively unimpaired control (HC) individuals
was also included from the Sant Pau Initiative on Neurodegenera-
tion (SPIN) cohort.'® The study was approved by the Sant Pau Ethics
Committee following the standards for medical research in humans
recommended by the Declaration of Helsinki. All participants or their
legally authorized representatives gave written informed consent
before enrollment.

The participants with DS were screened for apolipoprotein E
(APOE) haplotype and underwent a comprehensive neurological and
neuropsychological evaluation, including, among other tests, the Cam-
bridge Cognitive Examination for Older Adults with Down Syndrome
(CAMCOG-DS) Spanish version for assessing global cognition.!?2°
The CAMCOG-DS is a cognitive battery that evaluates orientation,
language, memory, attention, praxis, abstract thinking, and perception.

As in previous studies, 22!

participants were clinically classified
during a consensus meeting between neurologists and neuropsy-
chologists, masked from biomarker data, into the following groups:
asymptomatic (aDS) when there was no clinical or neuropsychological
suspicion of AD-related cognitive decline, prodromal AD (pDS) when
there was evidence of cognitive decline due to AD, but no significant
impact on baseline activities of daily living, and AD dementia (dDS)
when the cognitive decline impaired daily activities. This functional
status, differentiating pDS and dDS, was assessed using anamnesis,
Dementia Questionnaire for Persons with Mental Retardation, and the
Cambridge Examination for Mental Disorders of Older People with
Down Syndrome and Others with Intellectual Disabilities. Additionally,
the Diagnostic and Statistical Manual of Mental Disorder, Fifth Edition,
was used to stratify the level of intellectual disability (ID) into mild,
moderate, or severe/profound based on the individuals’ best-ever level
of functioning.?2

The HC group are volunteers, usually spouses or children of patients
from the Sant Pau Memory Unit, that are informed about our studies at
the outpatient clinics. They exhibited no cognitive complaints, scoring

0 on the Clinical Dementia Rating scale, and their neuropsychological
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RESEARCH IN CONTEXT

1. Systematic review: White matter hyperintensities
(WMHs) are recognized as vascular markers that con-
tribute to cognitive decline. Previous studies have shown
that WMHSs are prevalent in Down syndrome (DS), a
genetically determined form of Alzheimer’s disease (AD)
not complicated by some traditional age-related vascular
risk factors. However, the evolution and topography
of WMHSs across age and disease severity, as well as
their relationship to AD pathophysiology, have not been
thoroughly studied in DS.

2. Interpretation: WMHSs increased with age and AD clin-
ical stage, and were correlated with cerebrospinal fluid
AD biomarkers and gray matter volume in AD vulner-
able areas. Our findings suggest that WMHs might be
intrinsically related to AD pathophysiological processes
in DS.

3. Future directions: Post mortem studies could shed light
on the pathological substrates of WMHs in DS and other
genetically determined forms of AD.

evaluation was within the normal range for their respective normative
groups regarding age and education. None of the participants in the
HC group reported any neurological or psychiatric disorders, or other
major medical illnesses.® We selected only the HC within the same age

range as the DS group, from 18 to 63 years.

2.2 | Neuroimaging data
2.2.1 | MRI acquisition

T1-weighted and FLAIR images were acquired on a 3T Philips-Achieva
scanner at Hospital del Mar (Barcelona, Spain) or a 3T Siemens Prisma
scanner at Hospital Clinic (Barcelona, Spain). The detailed acquisi-
tion parameters of the imaging protocols are provided in Table S1 in
supporting information.

The quality of each T1-weighted and FLAIR image was visually
assessed. MRl scans of unsatisfactory quality in terms of low transverse
resolution or low structural visibility due to movement or other sources
of noise were excluded (n = 21 scans, 4.64%).

2.2.2 | Gray matter volume

The Computational Anatomy Toolbox (CAT12)23 for the Statistical
Parametric Mapping 12 (SPM12; Welcome Center for Human Neu-
roimaging) toolbox was used to preprocess the structural T1-weighted

image and extract gray matter (GM) and total intracranial volumes.
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2.2.3 | WMH segmentation

For the segmentation of WMHs, raw FLAIR images were first coreg-
istered onto their corresponding T1-weighted scan using Advanced
Normalization Tools (ANTs)2* (Figure S1A in supporting information).
Then, WMHs were segmented in the MRI native space using the lesion
prediction algorithm (LPA)25 implemented in the Lesion Segmentation
Toolbox for SPM12. Specifically, the LPA method computed a WMH
probability map for each participant based on a logistic regression
algorithm to classify each voxel as either a lesion or non-lesion. The
probability maps were then binarized by applying a threshold of 0.3
(Figure S1B).

2.2.4 | White matter parcellation

White matter (WM) was parcellated for each subject using an in-house
pipeline inspired by the bull's-eye classification system previously
developed by Sudre et al.2® Specifically, two distinct sets of parcel-
lations were created: concentric layers and lobar regions (for details,
see supporting information). For the concentric layers, we followed
the approach proposed by Jiménez-Balado et al.2” and obtained a nor-
malized distance map reflecting the distance of each WM voxel to
the lateral and third ventricles (Figure S1C). For the lobar regions,
we used the anatomical Hammers atlas to label the WM according
to the lobes (frontal, parietal, temporal, occipital, and basal ganglia;
Figure S1D). The normalized distance map was applied to each lobar
region and subsequently divided into four concentric layers of sim-
ilar volume. These layers spanned from the periventricular regions
to juxtacortical areas. Regional WMH volumes were then extracted
and summarized as an infographic in a bull’'s-eye plot (e.g., see Figure
S1). Because different MRI acquisition protocols were used to acquire
the data, we harmonized total and regional WMH volumes using the

d28

ComBat harmonization metho as implemented in the R library

neuroCombat.

2.3 | Fluid biomarkers

A subset of participants underwent, within 1 year of the MRI acquisi-
tion, a lumbar puncture to acquire cerebrospinal fluid (CSF) sampling,
as previously described.?12? Concentration levels of AB4o (n = 251),
AB4o (n = 251), and tau phosphorylated at threonine 181 (pTau181;
n = 251) were quantified using a commercially available immunoassay
in a fully automated platform (Lumipulse; Fujirebio-Europe), follow-
ing a previously published protocol.'® CSF glial fibrillary acidic protein
(GFAP; n = 183) concentrations were measured using the SR-X sin-
gle molecule array. CSF neurofilament light chain (NfL; n = 267)
and YKL-40 (also known as chitinase 3-like 1; n = 236) levels were
measured with enzyme-linked immunosorbent assay (ELISA; NF-Light
Assay; UmanDiagnostics) according to the manufacturer’s recommen-
dations. CSF AB45/AB4o ratio and p-taul81 were used to stratify

individuals with DS according to the presence of amyloid (A+) and tau

(T+) pathologies using previously established cutoff values (i.e., CSF
ABap/ABag < 0.062; CSF p-tau181 > 63 pg/mL0).

2.4 | Statistical analyses

All statistical analyses were performed with R software, version 4.3.1.
Differences in baseline sociodemographic characteristics between DS
and HC participants were assessed using the compareGroups library.3?
This package tests the normality of continuous variables and sub-
sequently performs parametric or non-parametric statistical tests
accordingly. Chi-squared tests were used for categorical variables,
such as sex and APOE ¢4 status, while Mann-Whitney tests were
applied for continuous variables, including age, and CSF biomark-
ers, because they did not follow normality. To reduce skewness, total
and regional volumes of WMHSs, as well as concentrations of CSF
biomarkers, were log-transformed.

To examine the association between WMH volume and age, we per-
formed locally estimated scatterplot smoothing (LOESS) curves with
a tricubic weight function and a span parameter of 0.75, providing an
informative representation of the data. To assess the effect of factors
such as sex, APOE ¢4 status, ID, and AD clinical status on the distri-
bution of WMH volume, we performed either a Mann-Whitney or
Kruskal-Wallis test followed by the Dunn test as post hoc analysis. To
investigate the relationship between total and regional WMH volume
and CSF biomarkers, we performed Spearman correlation tests.

We used univariate linear regression models to assess the pre-
dictive capacity of individual CSF biomarkers on total WMH volume
in the whole DS cohort, but also in aDS and symptomatic DS (sDS;
comprising pDS and dDS) separately. Subsequently, we conducted a
multivariate analysis incorporating all the CSF biomarkers to assess
their relative contribution to the prediction of WMH volume. Addition-
ally, we repeated both univariate and multivariate models including age
as a predictor to evaluate its effect in relation to the CSF biomark-
ers. The standardized regression coefficients were used to compare
the strength of the association between the predictors and total WMH
volume. The threshold for significance was set at p = 0.05 and Bonfer-
roni corrections were applied in regional volume analyses to account
for multiple comparisons.

Finally, we used voxelwise linear models to compare the association
of GM volume and WMHs in the DS cohort. Analyses were performed
in a mask that excluded non-GM voxels, and the statistical models were
corrected for total intracranial volume and the MRI acquisition proto-
col. Voxelwise results are presented at a corrected threshold p < 0.05

(family-wise error [pFWE], cluster size k > 100 mm?3).

3 | RESULTS
3.1 | Population

The study included 261 adults with DS from the DABNI cohort and 131
HC from the SPIN study (see Table 1 for demographic data). Individuals
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HC DS
N=131 N=261 p-value
Age, y, median [IQR] 53.65[48.70;57.81] 46.96[37.77;51.81] <0.001
Sex, no. (%) <0.001
Female 93(70.99%) 108 (41.38%)
APOE &4 status, no. (%) 0.15
4+ 36(27.69%) 51(20.56%)
Intellectual disability, no. (%)
Mild 76(29.46%)
Moderate 148 (57.36%)
Severe/profound 34(13.18%)
AD diagnostic group, no. (%)
EBN) 158 (60.54%)
pDS 41(15.71%)
dDS 62(23.75%)
Vascular risk factors, no (%)
Hypertension (N = 323) 14 (21.88%) 4(1.54%) <0.001
Dyslipidemia (N = 323) 17 (26.56%) 47 (18.15%) 0.18
Diabetes mellitus (N = 322) 2(3.12%) 12 (4.65%) 0.74
CAMCOG-DS, median [IQR] 69.00[51.00;82.00]
CSF biomarkers, pg/mL, median [IQR]
ABa2/ABso (N=251) 0.11[0.10;0.11] 0.06[0.04;0.08] <0.001
pTaul81 (N=251) 32.30[24.90;41.40] 55.05[24.52;133.55] <0.001
NfL (N =267) 349.80[298.92;418.61] 542.30[304.32;871.20] <0.001
GFAP (N=183) 3.35[3.14;3.50] 3.61[3.40;3.78] <0.001
YKL-40 (N = 236) 2.20[2.11;2.29] 2.26[2.03;2.37] 0.50

Notes: Data are n (%) or median (IQR).

Abbreviations: AB4,/AB40, concentration ratio between amyloid beta peptide 1-42 and amyloid beta peptide 1-40 (pg/mL); AD, Alzheimer’s disease; aDS,
asymptomatic Down syndrome; APOE, apolipoprotein E; CAMCOG-DS, Cambridge Cognitive Examination for Older Adults with Down Syndrome; CSF, cere-
brospinal fluid; dDS, Down syndrome with Alzheimer’s disease dementia; DS, Down syndrome; GFAP, glial fibrillary acidic protein concentration (pg/mL); HC,
euploid cognitively unimpaired controls; IQR, interquartile range; NfL, neurofilament light chain concentration (pg/mL); pDS, prodromal Down syndrome;
pTau181, tau phosphorylated at threonine 181 concentration (pg/mL); YKL-40, chitinase 3-like 1.

in the DS group spanned the whole AD continuum; 158 were aDS, 41
pDS, and 62 dDS. Regarding the level of ID, 76 DS subjects had mild
ID, 149 moderate ID, and 34 severe/profound ID. The HC group was
significantly older than the DS group (W = 24666, p < 0.05). There
was also a significant difference in the sex distribution, with fewer
male participants in the HC group (29.01%) than in the DS group
(58.62%, p < 0.001). No significant between-group differences were
found for APOE ¢4 status. Only 1.5% of individuals with DS presented
hypertension, a significantly lower proportion compared to the HC
group (21.9%, p < 0.001). Additionally, 18% had dyslipidemia and 4.7%
had diabetes mellitus, versus 27% (p = 0.18) and 3.12% (p = 0.74),
respectively. As expected, individuals with DS demonstrated lower
values in CSF for the AB4,/AB40 ratio and higher concentrations of
pTau181, NfL, and GFAP than HC (all p < 0.001). CSF YKL-40 levels
were not significantly different across groups (p = 0.50).

3.2 | Associations between WMH volume and
sociodemographic, clinical, and genetic data

Total WMH volume was positively associated with age in both HC
(rho = 0.36, p < 0.001) and adults with DS (rho = 0.67, p < 0.001).
Looking at the LOESS curves (Figure 1A), we found an earlier increase
in total WMH volume in DS with age. Specifically, the regression lines
between DS and HC started diverging at age 40, and the confidence
interval (Cl) ceased to overlap at the age of 43.8. Regional associations
revealed that, in HC, a significant relationship with age was mainly
observed in the first layer (Figure 1B and Table S2 in supporting
information for more details). In contrast, regional associations with
age were more widespread and stronger in DS, including all lobes.
The first and second layers (i.e., the region closest to the ventri-
cles) showed the highest correlation strength and earliest changes
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(Figures 1B, S2 in supporting information, and Table S2 for more
details).

In DS, sex and APOE ¢4 status did not significantly influence total
WMH volume (Figure 1C,D) or the association between total WMH
volume and age (Figure S3 in supporting information). However, we
found a significant difference according to the degree of ID, with the
moderate and severe ID levels showing greater WMH volume than
the mild level (Figure 1E). Given that this result was unexpected, we
assessed whether it may be explained by differences in clinical status
across the ID groups. Results showed a higher proportion of moder-
ate ID in dDS (77.97%) than aDS (50.64%; X2 [4, N = 259] = 14.462,
p < 0.05). Moreover, the effect of ID on WMH volume was no
longer significant when groups were stratified by AD clinical diagnosis
(p > 0.05; Figure S4 in supporting information) and associations with

age appeared similar across ID groups (Figure S3).

3.3 | Spatial distribution of WMHs in DS

To assess the spatial distribution of WMHs in DS, we computed a fre-
quency map of WMHs for all adults with DS. Results showed that
WMHSs had a symmetrical distribution, and were most frequently
located in periventricular and deep regions (Figure 2). Specifically,
WMHs were predominantly found in the corona radiata (mainly the
posterior part), the posterior thalamic radiation, and the corpus callo-

sum, especially in the splenium.

3.4 | Effect of AD clinical status on WMH volume

Total WMH volume progressively increased with AD clinical status
in DS: dDS and pDS groups demonstrated significantly greater WMH
volumes than aDS and HC, and dDS greater volumes compared to
pDS. No significant differences were observed between HC and aDS
(Figure 3A). Regarding regional WMH volumes, aDS showed signifi-
cantly greater volumes in the temporal lobe with respect to the HC,
while HC showed greater WMH in the occipital lobe and basal gan-
glia (Figure 3C). pDS presented significantly more WMH volume than
aDSs in the first and second WM layers, and in all lobes (Figure 3B,C).
In the other regions (i.e., layers 3-4, and basal ganglia), there was a vis-
ible trend toward higher volumes in pDS compared to aDS, although

statistical significance was not reached (Figure 3B-D). dDS consis-
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tently had greater WMH volumes compared to pDS in all regions
of interest, except in the fourth WM layer (Figure 3B-D). Analyses
considering both the concentric layers and lobar regions showed sim-
ilar results, where the first WM layer and the occipital lobes showed
the greatest WMH load in all the diagnostic groups. The dDS groups
demonstrated both higher and more widespread WMH load compared
to other disease stages (Figure 3E).

3.5 | Associations between WMH volume and CSF
biomarkers

In DS, total WMH volume was negatively related to CSF AB42/AB 40
ratio (rho = —0.58, p < 0.001) and positively associated with CSF
pTaul81 (rho = 0.63, p < 0.001), CSF NfL (rho = 0.72, p < 0.001),
CSF GFAP (rho = 0.61, p < 0.001), and CSF YKL-40 (rho = 0.63,
p < 0.001) concentrations (Figure 4A). Additionally, A+ and T+ individ-
uals with DS presented greater WMH volume compared to negative
participants (p < 0.001; Figure 4A). When assessed regionally, the
strongest associations between CSF biomarkers of AD and WMHs
were found in the frontal, parietal, and occipital lobes and in the first
and second layers (Figure 4B). The univariate models revealed that all
five CSF biomarkers were significant predictor variables in the whole
DS cohort (AB42/AB 40: p < 0.001, estimate: —0.59, 95% Cl: [-0.70,
—0.47]; pTau181: p < 0.001, estimate: 0.60 [0.48, 0.71]; NfL: p < 0.001,
estimate: 0.68 [0.57, 0.79]; GFAP: p < 0.001, estimate: 0.57 [0.42,
0.69]; YKL-40: p < 0.001, estimate: 0.58 [0.47, 0.70]). Considering the
groups separately, we found significant relationships between the five
biomarkers and WMHs in aDS (AB42/AB 40: p < 0.001, estimate: —0.40,
[-0.60, —0.21]; pTau181: p < 0.001, estimate: 0.37 [0.18, 0.56]; NfL:
p < 0.001, estimate: 0.44,[0.27, 0.62]; GFAP: p < 0.001, estimate: 0.32
[0.12,0.52]; YKL-40: p < 0.001, estimate: 0.46[0.29,0.63]). In sDS, only
the association with NfL concentrations reached significance (AB42/AB
40: p =0.81, estimate: 0.03[-0.21, 0.27]; pTau181: p = 0.06, estimate:
0.21 [-0.01, 0.44]; NfL: p < 0.001, estimate: 0.44 [0.22, 0.66]; GFAP:
p =0.08, estimate: 0.21 [-0.03, 0.45]; YKL-40: p = 0.20, estimate: 0.16
[-0.09, 0.40]). When performing a multivariate analysis incorporating
all five CSF AD biomarkers, only NfL significantly predicted total WMH
volume in the whole DS cohort (p < 0.001, estimate: 0.37 [0.13, 0.61])
and in sDS (p < 0.001, estimate: 0.54 [0.18, 0.90]) group (Figure 4C).
When age was included as a covariate, several results lost significance,

especially inthe aDS group, but the associations with NfL remained sig-

FIGURE 1 Associations between white matter hyperintensity volume and demographic, clinical, and genetic factors. (A) Association between
total WMH volume and age. The points represent individual participants, and the color indicates their clinical diagnosis. Shaded areas represent
95% Cl: dark gray represents the age-related change in DS and light gray in the HC group for visual reference. The dashed line indicates when the
Cl stops overlapping between DS and HC groups (43.8 years). (B) Spearman correlation coefficients between age and regional WMH volumes. The
color scale represents the strength (rho) of Spearman correlation for significant results (p < 0.05). The star (*) indicates results surviving to the
Bonferroni correction (a = 0.05, p < 0.0025). (C), (D) and (E) Boxplots showing the effect of sex, APOE haplotype, and intellectual disability,
respectively, on the distribution of the total WMH volume in DS. Abbreviations: 1, first layer; 2, second layer; 3, third layer; 4, fourth layer; aDS,
asymptomatic Down syndrome; APOE, apolipoprotein E; BG, basal ganglia; Cl, confidence interval; DS, Down syndrome; F, frontal; HC, euploid
cognitively unimpaired controls; dDS, Down syndrome with Alzheimer’s disease dementia; O, occipital; P, parietal; pDS, prodromal Down
syndrome; rho, strength of the correlation; T, temporal; WMH, white matter hyperintensity.
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FIGURE 2 Lesion prevalence map of white matter hyperintensities in Down syndrome. Lesion frequency map of white matter hyperintensities
is shown in the Montreal Neurological Institute 152 T1 template. The color of each voxel indicates the percentage of subjects that had white
matter hyperintensities in this voxel, ranging from at least 5% (purple) to 40% or more (yellow).

nificant or showed a trend toward significance in the whole DS and sDS

cohorts (Figure 5S in supporting information).

3.6 | Associations between WMH volume and GM
volume

Finally, we also investigated voxelwise associations between total
WMH volume and GM volumes within the DS population. These anal-
yses revealed significant associations across the entire cortex for the
whole cohort (Figure 5A). Specifically, the pattern predominated in
the medial and lateral temporo-parietal regions, medial prefrontal and
orbitofrontal cortex, anterior insula, hippocampi, and thalamus. The
stratification of DS by clinical status revealed a very similar pattern
in both aDS and sDS, although slightly less widespread and significant
than in the whole population (Figure 5B,C).

4 | DISCUSSION

Our results highlighted an increase in the presence and severity of
WMHs with age in DS, as well as with the incidence of both AD
symptoms and AD pathology. We further demonstrated that lesions
are mostly located in periventricular regions, especially in the frontal,
parietal, and occipital lobes. WMHs expand into more cortical layers
throughout the AD continuum in DS, suggesting a distinct underlaying
pathophysiology compared to the general population. Together, these
findings underscore that WMHs represent a core neuroimaging fea-
ture in DS, and provide novel insight into the interplay between these

lesions and AD processes.

Consistent with previous studies,'’” we observed that WMH volume
gradually increased with age in both DS and euploid populations. This
age-related increase is stronger in DS individuals. This finding expands
previous evidence from our group obtained in a smaller sample of DS
and using the Fazekas visual scale.’® We further demonstrated that
WMHs emerge at a younger age in DS than HC, with CI no longer
overlapping at the age of 43, around 10 years before symptom onset.”
Interestingly, a recent study on PSEN1 mutation carriers also reported
a sharp increase in WMHs at 43 years,'> and WMHs were found to
increase approximately 6.6 years before estimated symptom onset in
mutation carriers of AD-causing genes.'* The presence of WMHs at
an early age across distinct genetically determined AD forms suggests
that AD-related mechanisms contribute, at least partially, to these
lesions. Indeed, in population-based studies, WMHs typically increased
at a later age, 132 starting from 55 years.33

We mapped WMH topography and found different associations in
both populations. Associations with age predominated in the frontal
lobe in HC, as previously described in elderly populations.>* By con-
trast, associations in DS involved all brain lobes, particularly the
fronto-parieto-occipital regions. This aligns with previous evidence
showing a widespread age-related pattern of WMHs in DS, driven by
frontal, parietal, and occipital lobes,’” as well as the typical parieto-
occipital AD pattern.'? Further, correlation coefficients were strongest
in the periventricular region, showing earlier age-related changes than
total WMH volume, and progressively decreased in deep and juxtacor-
tical areas. These results add to a body of work identifying different
WMH topography in AD compared to age-related WMHs.12

Other sociodemographic and genetic factors may also contribute to
WMHs. In line with previous studies,'®” we did not evidence an effect
of sex or APOE haplotype on total WMH volume in DS. The specific
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sex effect on AD in DS is still debated, with a recent study showing
no impact on AD biomarkers.3> Concerning the APOE &4 allele, it was
found to influence AD processes in DS,%¢ but this effect might be too
subtle to be identified in WMHs. The link between APOE ¢4 and WMHs
is also inconsistent in the general population and sporadic AD, with
some studies suggesting a gene-dose effect on WMHs37:38 and others
reporting opposite or no effect.39-42

Surprisingly, greater ID was associated with higher WMH volumes.
However, sensitivity analyses suggested that this effect might result
from the different proportion of symptomatic cases across the differ-
ent ID groups, that is, a higher proportion of moderate level in dDS.
Two recent studies examining the effect of ID on AD trajectory in DS
revealed no differences in AD biomarkers, cognitive impairments,43 or
decline.** Together these results suggest that ID has a limited impact
on AD and vascular changes in DS. However, further research is war-
ranted to confirm this result and assess if differences in lifestyle factors
across ID can lead to differences in WMHs.

WMH volumes increased linearly with AD stage (aDS < pDS < dDS),

consistent with previous studies in DS,117

and investigations in
early-*> and late-onset sporadic AD1%#¢ and autosomal dominant AD
(ADAD),1447 all of which showed a gradual increase in WMH bur-
den with disease severity. Topographically, WMHs increased locally
and expanded to new layers as the disease progressed. Mainly cir-
cumscribed to the periventricular region at the asymptomatic stage,
the lesions extended into deep and juxtacortical areas, including the
frontal, parietal, and occipital lobes at the prodromal stage, and further
increased in the same regions at the dementia stage. Similar topograph-
ical progression has been previously described in sporadic AD,*8 where
periventricular WMHs were common at the mild cognitive impairment
(MCI) stage, and in the AD group expanded outward, particularly to
affect the corpus callosum. The frequency map further showed that
posterior corona radiata, posterior thalamic radiation, and splenium
of the corpus callosum were the most affected areas in DS. These

49 and

structures were previously found vulnerable to AD processes,
associated with AB pathology.>°

Compared to HC, the aDS group presented increased WMH volume
only in the temporal lobe. Previous studies in preclinical AD revealed
larger WMH total volume in AB-positive compared to AB-negative
individuals.>? In ADAD, asymptomatic carriers present with increased
WMHs in parieto-occipital regions.'* Taken together, these results
suggest that WMHSs emerge at an early preclinical stage of AD. The
different topographic patterns may reflect specificities of each presen-
tation or differences in the preclinical or control groups. For instance,
our aDS cohort included adults ranging from 19 to 63 years, with 32.9%
at > 20 years from the estimated age of symptom onset (i.e., 53.8

years®).

Relationships between WMHs and CSF AD biomarkers revealed
robust associations in DS with both A and pTau181 concentrations. In
the literature, the link between WMHs and AD pathology is inconsis-
tent. Several studies in the euploid population reported no association
between WMHs and AB->2 and tau positron emission tomography
(PET)>® load. In DS, WMHSs were also not significantly associated
with AB PET.Y” However, some evidence supported a relationship
with Ag PET in non-demented individuals'?°3 and tau PET in pre-
clinical ADAD.*> Moreover, AS in CSF, but not tau, was found related
to WMHSs in ADAD,#5455> MCI, and sporadic AD.24>4-57 These dis-
crepant results might be explained by the modality to measure AD
pathology, or the composition of the cohort studied. Indeed, when we
stratified our analyses by disease stage, we found significant associa-
tions at the asymptomatic but not symptomatic stages, aligning with
findings in the AD continuum.®”

Associations between WMHSs and neurodegenerative markers were
also strong. Consistent with previous observations in cognitively
normal,®* MCI,>45857 sporadic AD,>%%° and ADAD,®! we found that
NfL levels in CSF were associated with WMHSs. Indeed, NfL showed i)
the strongest association with total WMH volume, ii) was significantly
related to WMH volume at different disease stages, and iii) was the
only CSF biomarker to remain significantly associated with WMHs in
the multivariate analyses. This strong link between WMHSs and NfL
is not surprising because WM mainly consists of myelinated axons
and NfL, an axonal cytoskeleton protein particularly expressed in long
myelinated axons, is released upon axonal damage.?

To further understand WMHSs and neurodegeneration, we explored
the association with GM volume. There were significant associations
that encompassed the entire cortex, but were more pronounced in lat-
eral and medial temporo-parietal regions. This pattern overlaps with
the typical AD regions showing tau accumulation®® and atrophy.®* Sim-
ilar associations between WMH burden and lower GM volume?’ and
cortical thickness®> were previously reported in sporadic AD.

The link between WMHSs and both AD pathology and neurodegen-
eration can be explained by different non-exclusive hypotheses.12:6¢
First, it is possible that WMHs, in the AD context, are caused by Wal-
lerian degeneration secondary to neurofibrillary tangles.®”¢? Indeed,
disruption of microtubules containing tau could lead to axonal degen-
eration, resulting in WM damage observed as WMHs on MRI.7®
Second, WMHs might be induced by subtle hypoperfusion or other
cerebrovascular diseases, which in turn contribute to tau pathology”?
and/or the disruption of WM tracts affecting the cortical regions.!!
For instance, cerebral amyloid angiopathy is frequently found in AD”2
and DS, ¢ and likely causes some posterior WM damage.>3”2 Another
hypothesis is that neuroinflammation, which is a key pathogenic factor
of both AD and vascular pathologies, might also participate in the gen-

FIGURE 3 Between-group differences for total and regional white matter hyperintensity volumes. (A), (B), (C) and (D) The boxplots illustrate
WMH volumes across the brain regions. Significant results at p < 0.05 using the Bonferroni correction. (E) Median of WMH volume per region
represented in bull’s-eye plot. Colors represent the burden of WMH volume in log mm?3, darker colors indicate higher WMH load. Abbreviations:
ns, no significance; *p < 0.05; **p < 0.01; ***p < 0.001; 1, first layer; 2, second layer; 3, third layer; 4, fourth layer; aDS, asymptomatic Down
syndrome; BG, basal ganglia; dDS, Down syndrome with Alzheimer’s disease dementia; DS, Down syndrome; F, frontal; HC, euploid cognitively
unimpaired controls; O, occipital; P, parietal; pDS, prodromal Down syndrome; T, temporal; WMH, white matter hyperintensity.
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FIGURE 4 Associations between white matter hyperintensities and cerebrospinal fluid biomarkers in DS. (A) Correlation between total WMH
volume and each corresponding CSF biomarker. Boxplots illustrate WMH volumes across the amyloid and tau status. The points represent
individual participants, and the color indicates the clinical diagnosis. Shaded areas represent 95% Cl. (B) Spearman correlation coefficients
between each corresponding CSF biomarker and regional WMH volume in DS. The color scale represents the strength (rho) of Spearman
correlation for significant results (p < 0.05). The star (*) indicates results surviving the Bonferroni correction (o = 0.05, p < 0.0025). (C)
Standardized coefficient of univariate and multivariate linear regression models for the WMH volume. The triangles and circles represent the
univariate and multivariate models, respectively. The lines represent the 95% Cl. Gray color indicates non-significant values, while orange color
indicates significant values (p < 0.01) and blue color after applying Bonferroni correction (¢« = 0.05, p < 0.01). Abbreviations: 1, first layer; 2, second
layer; 3, third layer; 4, fourth layer; A—, amyloid negative; A*, amyloid positive; AB42/AB49, concentration ratio between amyloid beta peptide 1-42
and amyloid beta peptide 1-40 (pg/mL); aDS, asymptomatic Down syndrome; BG, basal ganglia; Cl, confidence interval; CSF, cerebrospinal fluid;
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dDS, Down syndrome with Alzheimer’s disease dementia; DS, Down syndrome; F, frontal; GFAP, glial fibrillary acidic protein concentration
(pg/mL); NfL, neurofilament light chain concentration (pg/mL); O, occipital; P, parietal; pDS, prodromal Down syndrome; pTau181, tau
phosphorylated at threonine 181 concentration (pg/mL); sDS, symptomatic Down syndrome; T, temporal; T~, tau negative; T+, tau positive; WMH,

white matter hyperintensity.
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FIGURE 5 Voxelwise associations between white matter hyperintensities and gray matter volume. Results of voxelwise regression model
showing gray matter volume negatively associated with WMH in (A) whole DS cohort and (B) aDS and (C) sDS subgroups. The significance of the
results (T values) is shown using a threshold pFWE < 0.05. Abbreviations: aDS, asymptomatic Down syndrome; DS, Down syndrome; sDS,

symptomatic Down syndrome; FWE, family-wise error.

esis of part of WMHSs,”47 as suggested by the association with GFAP
and YKL-40. Finally, we cannot exclude that the associations between
these different biomarkers are partially driven by disease progression.

The current study has some limitations. First, the WMH segmenta-
tion algorithm and templates to parcellate the WM were not specifi-
cally designed for the DS population. Although a thorough visual qual-
ity control demonstrated that the segmentation and WM parcellation
were correctly performed, with no visible impact of DS brain anatomy,
we cannot discard a reduced sensitivity to detect some lesions. Sec-
ond, the cross-sectional design of this study does not allow for the
assessment of causality, such as the relationships among WMHs, AD
pathology, and neurodegeneration. Future longitudinal studies will
undoubtedly provide new insight into the etiology of WMHSs in DS.

In summary, this study offers a comprehensive understanding of the
development and distribution of WMHs in DS. Our findings revealed
that WMHs are associated with AD clinical stages, manifesting even
at the asymptomatic phase. The parcellation of the WM revealed the
predominance of WMHSs in periventricular regions of frontal, parietal,
and occipital lobes, and their expansion into cortical layers with AD
progression. These results demonstrate that WMHSs are a core imaging
feature in DS and shed light on their relationship with AD pathological

processes.
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the effects of demographic, genetic factors, AD clinical stage, AD-related fluid, and
cerebrovascular biomarkers on annual WMH volume changes.

RESULTS: In DS, annual WMH changes were relatively stable until age 40, and then
exhibited fluctuations, with a significant decrease at the group level. Declines were
larger in symptomatic cases, particularly in periventricular and fronto-parieto-occipital
regions. Higher baseline WMH and microbleeds presence related to greater WMH
reduction. Visual ratings and adjustment for white matter volume supported the
robustness of the results.

DISCUSSION: WMH trajectories were heterogeneous in DS and declined over time
with AD symptoms. This unexpected reduction may reflect different underlying
pathological processes, including neurodegeneration or neuroinflammation.

KEYWORDS
Alzheimer’s disease, cerebral amyloid angiopathy, Down syndrome, longitudinal analysis, mag-
netic resonance imaging, neuroimaging, white matter hyperintensities
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1 [ BACKGROUND

Down syndrome (DS), caused by a full or partial trisomy of chromo-
some 21, is the most common genetic form of intellectual disability
(ID), affecting approximately 6 million people worldwide.! Advances
in healthcare have significantly increased the life expectancy of indi-
viduals with DS to around 60 years,2 which has led to an increased
prevalence of age-related conditions, notably Alzheimer’s disease (AD).
Indeed, AD is the leading cause of death in adults with DS.3 This height-
ened risk is mainly due to the triplication of the amyloid precursor
protein (APP) gene on chromosome 21, which is both necessary and
sufficient to cause early-onset AD neuropathology in DS.* Amyloid-
B (AB) accumulation begins during adolescence, and by the age of 40,
nearly all individuals with DS exhibit the neuropathological features
characteristic of AD.>¢ In addition, A3 can aggregate within the walls of
leptomeningeal and cortical blood vessels, leading to the development
of cerebral amyloid angiopathy (CAA).”

Interestingly, despite the low prevalence of hypertension and arte-

riolosclerosis in DS,® neuroimaging studies reveal changes classically

* The evolution of white matter hyperintensities (WMH) in Down syndrome (DS) is
variable over time and with age.
» After age 40, more cases experienced significant WMH variations, primarily

* In DS, annual WMH change decreases with Alzheimer’s symptoms.
* Higher baseline WMH and microbleeds are related to greater annual WMH

* WMH reduction likely reflects distinct processes, for example, degeneration or

associated with small vessel disease (SVD) in adults with DS.10.11
Hence, white matter hyperintensities (WMH), a key neuroimaging
hallmark of SVD, increase more markedly with age and begin at an ear-
lier age in individuals with DS than in the euploid population.10:1213
Two large studies in DS have reported that WMH start to increase
around age 40 and are strongly associated with the clinical progres-
sion of AD and AD pathology in DS.1%12 A recent longitudinal study
from the Alzheimer’s Biomarker Consortium-Down Syndrome (ABC-
DS) showed that WMH trajectories are heterogeneous, with declines
over time in cognitively stable adults with DS and increases, at the
group level, with advancing AD stages, even though a subset of symp-
tomatic participants exhibited decreases. These findings suggest that
WMH fluctuates over time in DS and may reflect pathophysiological
processes related to the overproduction of the Ag and AD.

With the introduction of anti-amyloid monoclonal antibodies into
clinical practice as well as the development of new therapeutic agents,
it is essential to delineate the natural progression of cerebrovascular
lesions, particularly WMH, in populations likely to benefit from, such as

individuals genetically predisposed to AD, including those with DS.1#
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WMH can resemble certain secondary effects of these drugs, such as
amyloid-related imaging abnormalities (ARIA), complicating the inter-
pretation of treatment-related imaging changes. Furthermore, WMH
may be considered as primary or secondary outcomes in clinical trials
targeting vascular integrity or neuroinflammatory pathways, under-
scoring the need for a thorough understanding of their natural history
and pathophysiology to accurately assess therapeutic efficacy.

The aim of this study is to investigate the longitudinal changes of
WMH in DS and their associations with demographic, clinical, and AD
biomarker data, as well as other vascular markers. Based on previous
evidence, we hypothesize that WMH accumulation accelerates during

the symptomatic stages and is associated with neurodegeneration.

2 | METHODS
2.1 | Study design and participants

This single-center, longitudinal cohort study recruited adults with DS
from the population-based Down-Alzheimer Barcelona Neuroimag-
ing Initiative (DABNI) cohort!® and euploid, cognitively unimpaired
control individuals (HC) from the Sant Pau Initiative on Neurode-
generation (SPIN) cohort.1® Participants of both sexes were aged 18
or older, with at least two magnetic resonance imaging (MRI) scans
and comprehensive neurological and neuropsychological assessments.
The study was approved by the Sant Pau Ethics Committee follow-
ing the standards for medical research in humans recommended by
the Declaration of Helsinki. All participants or their legally authorized
representatives gave written informed consent before enrolment.

2.2 | Clinical assessment

Adults with DS underwent a specific neuropsychological assessment,
including the Cambridge Cognitive Examination for Older Adults
with Down Syndrome (CAMCOG-DS) Spanish version'’ to assess the
global cognition by evaluating orientation, language, memory, atten-
tion, praxis, abstract thinking, and perception. Additionally, ID was
categorized as mild, moderate, or severe/profound based on the Diag-
nostic and Statistical Manual of Mental Disorders, Fifth Edition,8 and
caregivers’ report of the individual’s best-ever level of functioning and
the score of the Kaufman Brief Intelligence Test Spanish version.1?
Participants were clinically classified in a consensus meeting
between neurologists and neuropsychologists, after independent vis-
its and blinded to biomarker data, into the following four groups: (1)
asymptomatic (aDS, i.e., no clinical or neuropsychological suspicion of
AD-related cognitive decline), (2) prodromal AD (pDS, i.e., evidence
of cognitive decline due to AD, but no significant impact on baseline
activities of daily living), (3) AD dementia (dDS, i.e., when the cogni-
tive decline impaired the daily activities) and (4) uncertain (uDS, i.e.,
when there were medical, pharmacological, or psychiatric condition
interfering with cognition or daily activities, but no suspicion of neu-

rodegenerative origin). To maximize statistical power, we combined in

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: White matter hyperintensities
(WMH) are common in adults with Down syndrome (DS),
a genetically determined form of Alzheimer’s disease
(AD). The prevalence and severity of WMH in DS increase
markedly with age, particularly after ~40 years, coincid-
ing with near-universal AD neuropathology in DS. WMH
also relates to AD clinical progression and pathology,
suggesting an interplay between small vessel disease
(SVD) and AD. However, the longitudinal evolution of
WMH in DS and their association with AD pathology
remain unexplored.

2. Interpretation: Annual WMH changes fluctuated over
time in DS. During the 20s-30s, most individuals exhib-
ited minimal WMH changes; however, after age 40, many
showed notable variations, mainly decreases. Greater
reductions of annual WMH changes were observed in
individuals with AD symptoms, higher baseline WMH
burden, and the presence of microbleeds. Declines in
WMH, not fully explained by white matter atrophy, sug-
gest additional pathophysiological mechanisms.

3. Future directions: Future research combining long-term
and multimodal neuroimaging with post mortem valida-
tion could provide a better characterization of the WMH
etiology.

this study pDS and dDS into a single symptomatic group (sDS). Clini-
cal evaluations were performed at baseline and follow-up visits. Based
on changes in clinical diagnosis along the AD continuum, participants
were further categorized as progressors (aDS progressing to sDS at
follow-up), or stable (no change or uDS at any visit).

The HC group consisted of cognitively unimpaired euploid individu-
als who had no cognitive complaints, scored O on the Clinical Dementia
Rating scale and/or 1 in the Global Deterioration Scale-Functional
Assessment Staging, and performed within the normal range on
neuropsychological evaluations regarding their age and education.
None reported any neurological or psychiatric disorders or other major
medical illnesses.'¢

2.3 | Neuroimaging data
2.3.1 | Image acquisition

All participants underwent at least two MRI sessions at Hospi-
tal del Mar (3T Philips-Achieva) or Hospital Clinic (3T Siemens
Prisma), separated by a minimum interval of 6 months. MRI protocols
include high-resolution three-dimensional T1-weighted (T1w), fluid-
attenuated inversion recovery (FLAIR), and susceptibility weighted
images (SWI). Only participants scanned with the same MRI protocol
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at baseline and follow-up were included. Detailed acquisition parame-
ters of the imaging protocols are provided in Table S1 (see Supporting
Information).

2.3.2 | WMH quantification

T1 preprocessing

Structural T1lw images were preprocessed with the Computational
Anatomy Toolbox 12 version 8 (CAT12v8)2° toolbox of Statistical Para-
metric Mapping 12 (SPM12, Welcome Centre for Human Neuroimag-
ing, University College London, Queen Square Institute of Neurology).
For each participant and time point, CAT12 was used to segment total
gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF)
maps. Hammer’s atlas was also coregistered into the native T1w space

at each visit.

WMH longitudinal segmentation
To accurately segment WMH across multiple time points, we employed
the longitudinal pipeline implemented in the Lesion Segmentation
Toolbox version 3.0.0 (LST)%! for SPM12. This pipeline is specifically
designed to compare lesion probability maps previously generated by
the Lesion Prediction Algorithm (LPA)%2 across multiple time points.

As a preprocessing step, FLAIR scans were coregistered into
their corresponding T1w images using Advanced Normalization Tools
(ANTSs).2% We then applied the LPA method to each time point to gen-
erate lesion probability maps of WMH based on a logistic regression
classifier that labels each voxel as a lesion or non-lesion. The resulting
probability maps were binarized using a threshold of 0.3, following our
previous work.2

Next, the WMH longitudinal pipeline of LST performed rigid
between-time-point coregistration of each participant’s FLAIR images.
Theresulting space transforms were subsequently applied to the lesion
probability maps, ensuring that for each participant, all FLAIR images
and corresponding lesion maps were aligned in a common space.

Finally, relative changes in intensity among FLAIR scans were com-
puted for all voxels that were labeled as a lesion in at least one time
point. Through an iterative procedure, the pipeline distinguishes true
lesion change from natural variability in FLAIR signal across time
points. This yielded refined and binarized lesion maps for each time

point that were jointly informed by the full longitudinal series.

WM parcellation

We divided the WM into two distinct parcellation sets: concentric lay-
ers and lobar regions, following our previous methodology.'? Briefly,
for the lobar regions, we used the anatomical Hammers atlas, delineat-
ing the frontal, parietal, temporal, occipital, and basal ganglia regions.
To define the concentric layers, we computed distance maps from the
ventricles to the GM junction (using the GM and CSF maps derived
from CAT12v8), thereby segmenting the WM into four layers: Layer 1
is proximal to the ventricles, while Layer 4 encompasses the juxtacorti-
cal areas. The resulting parcellations were applied to each time point’s
FLAIR scan.

Extraction of WMH volumes

Total WMH volumes were obtained as the intersection between lon-
gitudinal LPA-derived lesion maps and the WM masks from CAT12v8.
Regional WMH volumes were computed from the overlap between
the WMH maps and the WM parcellation using an in-house MATLAB
script. To account for differences in MRI acquisition protocols, both
total and regional WMH volumes were harmonized using the ComBat
harmonization method?* implemented in the R library neuroCombat.

Annualized change calculations

Annualized changes in total and regional Combat-harmonized WMH
volumes were computed as the difference between the last follow-up
and the baseline values, divided by the corresponding time interval
between visits, expressed in years. Positive values indicate increases
in WMH volume between the two time points, while negative values
indicate decreases in WMH volume.

To determine significant changes in WMH volume, we applied a
thresholding approach based on a previous study?”: annual changes
greater than 75 mm?3/year were considered indicative of progres-
sion (i.e., increased WMH volume at follow-up), while changes infe-
rior to =75 mm?3/year were considered indicative of regression (i.e.,
decreased WMH volume at follow-up). Changes within the range of
—75 mm3/year to 75 mm?3/year were considered stable, indicating
minimal change in WMH volume.

Visual read

To validate the results of the automatic WMH segmentation, an expert
neuroradiologist (M.R.A.) performed a visual assessment of paired time
points for each subject. Specifically, the rater was blinded to both
the subject and the visit order and had to determine whether one
scan showed more WMH than the other on a 5-point Likert scale:
—2 (marked decrease), —1 (slight decrease), O (no change), +1 (slight

increase), +2 (marked increase).

2.3.3 | Microbleed segmentation

SWI scans were N4 bias field corrected using ANTs and coregis-
tered to their corresponding Tiw image. Microbleed segmentation
was manually performed using ITK-SNAP (v.3.8.0),2¢ as previously
described.?”

2.4 | Blood and cerebrospinal fluid biomarkers

A subset of participants underwent lumbar puncture and/or blood
extraction within 1 year of MRI baseline acquisition.282? Most partici-
pants were screened for apolipoprotein E (APOE) haplotype via Sanger
sequencing. We quantified AB peptide 1-40 (AB40), AB peptide 1-42
(AB42), and tau phosphorylated at threonine 181 (pTau181) in CSF
using a commercially available immunoassay in a fully automated plat-
form (Lumipulse; Fujirebio-Europe), following a previously published
protocol.’® Additionally, CSF and plasma glial fibrillary acidic protein
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(GFAP) concentrations were measured using the SR-X single-molecule
array (Quanterix). CSF neurofilament light chain (NfL) and YKL-40
(also known as chitinase 3-like 1) levels were measured with commer-
cially available enzyme-linked immunosorbent assays (NF-Light Assay,
UmanDiagnostics, and MicroVue EIA, Quidel, respectively) according

to the manufacturer’s recommendations.

2.5 | Statistical analyses

Statistical analyses were conducted using R software (version 4.5.0),
and the statistical significance threshold was set at p = 0.05. Base-
line demographic differences between DS and HC participants were
assessed using the compareGroups library.?9 Chi-squared tests were
used for categorical variables (e.g., sex, APOEz4 status, and vascular
risk factors), and Mann-Whitney tests were applied for continuous
variables (e.g., age and CSF biomarkers), due to non-normal distribu-
tion.

To examine the association between annual changes of WMH vol-
ume and age, we performed locally estimated scatterplot smoothing
(LOESS) curves with a tricubic weight function and a span parameter
of 0.75, providing an informative representation of the data. The
effect of factors sex, APOEe4 status, ID, and AD clinical status on the
annual WMH volume changes was assessed using the Mann-Whitney
or Kruskal-Wallis tests. For group differences across AD clinical
status, Dunn’s post-hoc test was applied with Holm correction for
multiple pairwise comparisons, and effect sizes were reported using
Rosenthal’s r.

Linear robust regression analyses, using the robustbase R library,
were used to investigate relationships between annual WMH vol-
ume changes and baseline CSF biomarkers of AD, as well as baseline
WMH volume. Both baseline WMH volume and fluid biomarker con-
centrations were log-transformed to reduce skewness. The impact of
microbleed presence on annual WMH changes was evaluated using the
Mann-Whitney test.

3 | RESULTS
3.1 | Population

In total, we evaluated 449 MRI scans; after a visual quality assessment,
34 of them (7.57%) were excluded due to low transverse resolution
or low structural visibility. Then, 91 follow-up scans (22.64%) were
also excluded because of the different acquisition protocols. Lastly,
seven scans (2.25%) were excluded due to suboptimal longitudinal
coregistration across time points.

Our final sample included 80 adults with DS (n = 178 scans) from
the DABNI cohort and 53 HC (n = 124 scans) from the SPIN study.
Demographic data at baseline are presented in Table 1. The DS group
comprises individuals across the AD continuum, with 65 aDS, 13 sDS
(61.55% pDS and 38.45% dDS), and 2 uDS at baseline (see Table S2 for
demographic data stratified by clinical diagnosis). Regarding ID level,

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

26 DS participants had mild ID, 46 moderate ID, and 8 severe/profound
ID. The HC group was significantly older than the DS group (median
age [interquartile range {IQR}] = 56.91 [12.69] vs. 41.60 [13.9] years,
respectively; W = 3826, p < 0.001). There was a trend toward a differ-
ence in sex distribution, with more female participants in the HC group
(66.04%) compared to the DS group (47.50%, p = 0.054). No significant
differences were found for APOEe4 status between groups. Individu-
als with DS had a lower prevalence of hypertension and dyslipidemia
than HC (1.25% vs. 31.8%, p < 0.001; 11.4% vs. 40.9%, p = 0.003), with
no difference in diabetes mellitus (2.5% vs. 4.55%, p = 0.521). Individu-
als with DS demonstrated lower values in CSF for the AB42/A340 ratio
and higher concentrations of YKL-40 than HC (p < 0.001; p = 0.003,
respectively). No significant differences were found in CSF pTau181,
CSF GFAP, and plasma GFAP between groups (p > 0.05).

All participants underwent at least two MRI visits; a subset had a
third (17 DS and 15 HC) and a fourth visit (1 DS and 3 HC). The mini-
mum follow-up duration (baseline to last MRI visit) was 0.56 years for
DS and 1.84 years for HC, whereas the maximum follow-up duration
was 9.06 years for DS and 7.03 years for HC. The between-visit time
delay, taking into account all the available intervals, was slightly shorter
in HC (2.27 years) than in DS (2.67 years; W = 4464, p = 0.002), while
the overall duration of the follow-up, based on the baseline and last
MRI visit, was similar between both groups (HC: 2.69 years; DS: 2.87
years; W = 2346.5, p = 0.299). During follow-up, 10 aDS participants
(16.92%) progressed to sDS. At baseline, there were no significant
differences in total WMH volume between the HC and the overall
DS groups (HC: median WMH = 2340.79 mm?3, DS: 2701.44 mm?;
W = 1875.5, p = 0.261). However, when stratifying the DS group into
aDS and sDS, we observed significantly higher WMH volumes in sDS
compared with both HC and aDS5 (sDS: 6716 mm?3, aDS: 2198.2 mm?,
H(2,131) = 16.397,p < 0.001). Annual changes were more pronounced
in DS than in HC (-1.15 mm?3/year vs. -10.51 mm3/year, W = 2591,
p=0.03).

3.2 | Effect of demographic, clinical, and genetic
variables on longitudinal WMH

In both DS and HC, WMH exhibited variable changes with age, includ-
ing both increases and decreases in volume over time (Figure 1A). A
higher proportion of individuals with DS presented with decreased
WMH compared to HC (26% vs. 9%) and a lower proportion with
increased WMH [8% in DS vs. 25% in HC;XZ(1,133) =11.08,p =0.004;
Table S3).

The annual change in WMH was negatively associated with age
in the DS group (rho = —0.31, p = 0.006), while this association was
not statistically significant in the HC group (rho = 0.07, p = 0.632).
The LOESS curve revealed stable annual changes in WMH among
individuals with DS until age 40, after which greater variability was
observed, and the changes decreased at the group level (Figure 1B).

In individuals with DS, there was no effect of sex (W = 688,
p = 0.293), APOE¢4 status (W = 438, p = 0.475), or ID [H(2,78) = 2.57,
p=0.276; Figure 1C-E] on the annual change in WMH volume.
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TABLE 1 Study participants.

Parameter
Age at baseline, y
Female
APOEe4 carriers
Intellectual disability
Mild
Moderate
Severe/profound
AD clinical diagnosis
aDSs
sDS
ubsS
Vascular risk factors
Hypertension
Dyslipidemia

Diabetes mellitus

MORCILLO-NIETO ET AL.

HC

N=53
56.91[51.42;64.11]
35 (66.04%)

18 (34.62%)

7/22(31.82%)
9/22 (40.91%)
1/21 (4.55%)

CAMCOG-DS
MRI data

No. of visits 2/3/4
2.27[2.10; 2.60]
2.69[2.20;4.18]

Between-visit time delay, y

Duration of the follow-up, y
WMH measures

WMH at baseline, mm? 2340.79[1274.43;4387.10]
Annual WMH change, mm?3 /year —1.15[-33.36;68.65]

Fluid biomarkers, pg/mL

CSF AB42/AB340 (N = 33/45) 0.10[0.10;0.11]

CSF pTau181 (N = 33/45) 35.80[26.70;44.00]

CSF NfL(N =48/51) 382.25[317.20;551.89]
CSF GFAP (N =27/50) 3179.94[1962.01;5246.57]

Plasma GFAP (N = 29/35)
CSF YKL40 (N=53/51)

91.47(72.87;123.45]
178.58[151.84;225.20]

53(100.00%) / 15 (28.30%) / 3 (5.66%)

DS

N=80 p-value
41.60[33.18;47.08] <0.001
38 (47.50%) 0.054
17 (26.98%) 0.495
26(32.50%)

46 (57.50%)

8(10.00%)

65 (80.00%)
13(16.25%)

2(3.75%)

1/80(1.25%) <0.001
9/80(11.39%) 0.003
2/79 (2.50%) 0.521
74.00[61.50;84.00]

80(100.00%) / 17 (21.25%) / 1 (1.25%)

2.67[2.21;3.54] 0.002
2.87[2.26;4.57] 0.299
2701.44[1371.75;5157.92] 0.261
—10.15[-90.12;10.69] 0.030
0.08[0.05;0.09] <0.001
36.60[20.30;69.60] 0.936
366.00[227.10;639.00] 0.190
2869.42[1669.07;4113.58] 0411
92.80[66.72;156.76] 0.604
141.41[79.39;199.86] 0.003

Note: Data are n(%) or median [IQR]. p-Values indicate the statistical significance of differences between DS and HC participants.

Abbreviations: AD, Alzheimer’s disease; aDS, asymptomatic Down syndrome; APOE, apolipoprotein E;A342/A340, concentration ratio between amyloid beta
peptide 1-42 and amyloid beta peptide 1-40 (pg/mL); CAMCOG-DS, Cambridge Cognitive Examination for Older Adults with Down Syndrome; CSF, cere-
brospinal fluid; DS, Down syndrome; GFAP, glial fibrillary acidic protein concentration (pg/mL); HC, euploid cognitively unimpaired controls; IQR, interquartile
range; MRI, magnetic resonance imaging; NfL, neurofilament light chain concentration (pg/mL); pTau181, tau phosphorylated at threonine 181 concentration
(pg/mL); sDS, symptomatic Down syndrome; WMH, white matter hyperintensities; YKL-40, chitinase 3-like 1.

3.3 | Effect of AD clinical status on the evolution
of WMH

The annual changes in total WMH decrease with the progression of AD
clinical status in DS [H(2,131) = 11.786, p = 0.003; Figure 2A]. Specif-
ically, sDS exhibited significantly larger decreases in WMH volume
compared to aDS (z = 2.71, p = 0.014; aDS: median AWMH = -5.39
mm3/y, sDS = —130.83 mm3/y) and HC (z = 3.43, p = 0.002; HC:
AWMH = —1.15 mm?3/y). No significant differences were observed
between HC and aDS (z = 1.28, p = 0.201). When examining regional

changes, the sDS group showed smaller WMH changes in layer 1 and
in the parietal and occipital lobes compared to both aDS and HC,
and in layer 2 and the frontal lobe compared to the HC group only
(Figure 2B-D; Table S4). Although the sample size was limited, we per-
formed an exploratory analysis to examine annual changes in total
WMH by subdividing the sDS group into pDS and dDS subgroups,
and by distinguishing within the aDS group those individuals who
progressed to sDS at follow-up (progressors). This analysis revealed
greater WMH decreases in the pDS subgroup, which showed signifi-
cantly larger reductions compared to both HC (z = —-4.47, p < 0.001;
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FIGURE 1 Effect of demographic, clinical, and genetic variables on longitudinal WMH. (A) Association between total WMH volume and (B)

annual WMH volume with age. The lines/points represent individual participants, with colors indicating their clinical diagnosis. Red points denote
participants who exhibited a clinical change between visits along the AD continuum. Shaded areas represent 95% Cl: dark gray represents the
age-related change in DS, and light gray in the HC group for visual reference. Boxplots showing the effect of (C) sex, (D) APOE genotype, and (E)
intellectual disability on annual WMH volume changes in DS. The light gray background (=75 mm?3/year to +75 mm?3/year) serves as a visual
reference for stable WMH change. AD, Alzheimer’s disease; aDS, DS asymptomatic; APOE, apolipoprotein E; DS, Down syndrome; HC, euploid
cognitively unimpaired controls; sDS, symptomatic DS; uDS, uncertain DS; and WMH, white matter hyperintensities.

pDS: AWMH = —197.98 mm?3/y) and aD$ (z = —4.10, p < 0.001; aDS:
AWMH = 0.33 mm?3/y). The progressors (median AWMH = —57.95
mm?/y) showed intermediate changes between aDS and pDS, although
these differences did not reach statistical significance. In contrast,
the dDS subgroup exhibited a significant increase in WMH rela-
tive to pDS (z = 2.91, p = 0.03; median AWMH = 22.80 mm3/y;
Figure S1).

3.4 | Association between longitudinal WMH, AD,
and SVD markers

In individuals with DS, annual changes in WMH were not significantly
associated with any of the fluid biomarkers (all p > 0.05; Figure 3A-F).
However, a trend toward mild negative associations was observed with
NfL (RZ = 0.04, p = 0.09) and plasma GFAP (R2 = 0.09, p = 0.06).
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Concerning SVD neuroimaging markers, a significant negative asso-
ciation was found between annual changes in WMH and baseline
WMH volume in DS (R = 0.18, p < 0.001; Figure 3G). Additionally, the
presence of at least one cerebral microbleed was associated with lower
annual changes in WMH (W =412, p = 0.024; Figure 3H).

3.5 | Sensitivity analyses

Contrary to our expectations, our results demonstrated considerable

variability in the evolution of WMH, with a significant proportion of

adults with DS showing decreases in WMH volume over time. As
these findings were unexpected, we conducted sensitivity analyses to
rule out (i) issues related to automatic quantification, and (ii) the con-
founding effect of WM atrophy. First, we performed a blinded visual
assessment, which showed that WMH remained stable in 65% of indi-
viduals with DS and 60% of HC. The visual read further showed that
23% of DS and 23% of HC demonstrated a decrease in WMH at follow-
up, whereas 12% of DS and 17% of HC exhibited an increase in WMH
volume (Table S5). Specifically, among the aDS group, 72.3% were sta-
ble, 18.5% were regressors, and 9.2% were progressors. In the sDS

group, 31% were stable, 38% were regressors, and 31% were progres-
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sors (Table S5). Second, to ensure that our findings were not merely
reflecting progressive WM atrophy, we repeated the primary analyses
using WMH volumes adjusted for total WM at the corresponding MRI
visit (i.e.,, WMH/total WM per visit). This adjustment reduced the over-
all variability and the trajectory of WMH over time (Figure S2). Hence,
the association between age and annual change was no longer statis-
tically significant in the DS group (rho =, p = 0.939). However, several
DS cases continued to present increased/decreased WMH, and we still
observed larger reductions in total WMH volume in the sDS group than
in HC, particularly in layer 1 and the parietal and occipital lobes (Figure
S3). Results for other demographic variables were consistent, showing

no significant effects of sex, APOEe4 status, or ID.

4 | DISCUSSION

In the present study, we investigated the evolution of WMH over time
in DS. Unlike our hypotheses, we did not observe increases in WMH
with age; instead, we found a decrease that was independent of other
demographic variables. This reduction in WMH was more pronounced
at the symptomatic stage, and was primarily observed in the frontal,
parietal, and occipital lobes and the periventricular region (i.e., Layer
1 and Layer 2). Unexpectedly, annual changes in WMH showed no
association with any fluid biomarker and were inversely related to
baseline WMH volume. Participants with DS who had at least one
microbleed exhibited a greater WMH reduction. Visual assessment and
adjustment for WM volume confirmed the heterogeneity in WMH tra-
jectories over time in DS and the reduction at symptomatic stages.
Together, these results highlight the inconsistent trajectory over time
of WMH in DS and provide novel insight into the underlying etiologies
of these lesions.

Although cross-sectional evidence has demonstrated an age-related
increase in WMH in DS,19-12 we found a significant negative asso-
ciation between annual changes in WMH and age in DS. Between
the ages of 20 and 40, most individuals with DS exhibited minimal
changes in WMH. After age 40, an increasing number of cases experi-
enced significant fluctuations in WMH; primarily decreases, although
some increases were also observed. This aligns with a recent study
that reported similar fluctuations, both increases and decreases, at
older ages in DS, although the association did not reach statistical
significance.3? In contrast, in the HC group, the age-related trajectory
showed that WMH burden remained relatively stable until approxi-
mately age 55. Beyond this age, most participants continued to show
stability, with a few cases demonstrating a substantial increase in

WMH volume and a few exhibiting notable decreases. Advancing

age has been widely associated with larger WMH volume changes,
whereas younger age showed smaller changes over time.32-3> While
WMH generally increase with age in euploid individuals, several studies
have also reported WMH shrinkage over time.3%3¢ Population-based
studies have found that approximately 11%-34% of the participants
show regression,3” 37 consistent with our results, 9.4% for HC and
26% for DS. We observed no effect of sex, APOEg4 status, or ID on
annual WMH changes in DS. This lack of effect is consistent with prior
cross-sectional’>12 and longitudinal WMH findings,3! as well as evi-

dence from other vascular lesions, 112740

suggesting that sex, APOE¢4,
and ID have limited impact on SVD features in DS.

We observed significantly greater annual reductions in WMH vol-
umes in DS participants compared to HC, especially in DS individuals
at the symptomatic stage of AD (i.e., sDS subgroup). Regional analy-
ses revealed these differences were most prominent in frontal, parietal,
and occipital lobes and in periventricular WM regions. A previous lon-
gitudinal study in DS reported a monotonic increase in WMH change
across diagnostic groups, with negative changes in the asymptomatic
and prodromal AD stages and positive rates in more advanced stages.3!
The discrepancy with our results might be explained by the fact that we
merged the prodromal and dementia stages; indeed, subgroup analy-
ses indicated a positive rate in dementia cases. It is also possible that
differences in lesion-segmentation methods (longitudinal LPA in the
present study vs. an in-house Gaussian mixture model-based script in
Lao et al., 2025) may influence the results. Here, we used a preprocess-
ing pipeline tailored to longitudinal data and additionally performed a
blinded visual read. In sporadic AD cohorts, WMH volumes generally
increase over time in both mild cognitive impairment (MCI) and demen-
tia, and rates do not significantly differ among groups.**~*3 Moreover,
MCl individuals with amyloid pathology accumulate WMH faster than
those who are AB negative.** Interestingly, one study reported both
greater reductions and increases in WMH in AD patients with a high
SVD burden compared to cognitively normal controls and AD with
low SVD,* highlighting potential vascular contribution to the WMH
trajectories.

Associations between annual changes in WMH and fluid biomark-
ers did not reveal robust relationships. This lack of association may
reflect heterogeneity across the adult DS lifespan, where non-linear
and stage-specific biomarker trajectories can mask significant effects.
In addition, fluid biomarker data were available only at baseline,
preventing change-change analysis. Interestingly, a greater baseline
WMH burden and the presence of cerebral microbleeds, a well-
established neuroradiological feature of CAA, were both associated
with a decrease in WMH volume over time. A similar negative rela-

tionship between baseline WMH burden and WMH changes was

FIGURE 3 Association between longitudinal WMH, AD, and SVD markers. Linear robust regression analyses of annual WMH volume changes
against (A-F) fluid biomarkers, and (G) baseline WMH volume. The points represent individual participants, with colors indicating their clinical
diagnosis. Shaded areas represent 95% CI. (H) Boxplot showing the effect of microbleeds presence. AD, Alzheimer’s disease; aDS, DS
asymptomatic; AB42/AB 40, concentration ratio between amyloid 3 peptide 1-42 and amyloid 3 peptide 1-40 (pg/mL); Cl, confidence interval; CSF,
cerebrospinal fluid; DS, Down syndrome; GFAP, glial fibrillary acidic protein concentration (pg/mL); NfL, neurofilament light chain concentration
(pg/mL); pTau181, tau phosphorylated at threonine 181 concentration (pg/mL); sDS, symptomatic DS; SVD, small vessel disease; uDS, uncertain
DS; WMH, white matter hyperintensities; and YKL-40, chitinase 3-like 1 (pg/mL).
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reported by Lao and colleagues.®! These results indicate that the WMH
decrease likely reflects dynamics of pathological processes that are
more likely in individuals with pre-existing SVD pathology.

The etiology and pathogenesis of WMH are multifactorial and
remain incompletely understood. WMH may, in some instances, reflect
irreversible WM damage due to demyelination and axonal loss.*¢ In DS,
we previously reported cross-sectional associations between WMH
and both NfL and GM volume loss,'? underscoring a contribution of
neurodegeneration to WMH in DS. Here, sensitivity analyses account-
ing for WM atrophy explained some of the observed WMH reductions,
indicating that neurodegeneration partly explains the apparent WMH
shrinkage. However, some reductions persisted after adjusting for
atrophy, suggesting the involvement of additional mechanisms such
as neuroinflammation. There is growing evidence linking inflamma-
tion to WMH in DS.124748 |n DS, neuroinflammation may arise from
at least three non-exclusive sources: (i) trisomy 21-related immune
dysregulation that promotes chronic neuroinflammation®?; (ii) AD
pathology, as deposition and accumulation of pathological aggre-
gates can exacerbate the inflammatory response®®; and (i) CAA,
vascular Af deposition compromises small-vessel endothelium, can
damage the brain-blood barrier, and can trigger neuroinflammation.>?
In some cases, brain-blood barrier disruption increases permeabil-
ity, allowing extravasation of interstitial fluid with vasogenic edema;
a mechanism consistent with CAA-related inflammation (CAA-ri).>2
Notably, CAA-ri has been confirmed in some cases in our DS cohort,
including one previously described in a case report.”® Regardless
of cause, neuroinflammation may contribute to the emergence of
WMH, but can also partially resolve, leading to subsequent WMH
reduction.

As people with DS increasingly participate in clinical trials of
anti-amyloid therapies that can cause cerebral edema and microhe-
morrhages, rigorously defining the natural history and dynamics of
cerebrovascular lesions, such as WMH, becomes essential to guide
care.! Our data reveal that WMH changes over time in DS are a non-
linear process. This finding underscores the importance of accounting
for this intrinsic variability, not only to avoid confounding interpre-
tations of drug effects but also to exercise caution when WMH are
considered as primary or secondary endpoints in clinical trials. Fur-
thermore, a thorough examination of potential pathologic, imaging,
demographic, and clinical factors associated with WMH regression
could unveil new important targets for intervention.

This study had some limitations. First, the relatively small and unbal-
anced sample size (n = 65 aDS, 13 sDS, and 2 uDS) reduced statistical
power and limited the likelihood of detecting differences in WMH
between clinical groups. The limited number of symptomatic partici-
pants reflects real-world constraints on recruiting and scanning adults
with DS at advanced AD stages, including reduced MRI tolerability
that limits participation and return visits. As a result, a survivor bias
is possible as individuals with greater WMH burden are more likely
to be symptomatic. Second, while we implemented a specific longi-
tudinal WMH segmentation pipeline and a visual assessment by a
neuroradiologist, variability in MRI acquisition parameters may have
introduced technical confounding. To minimize intra-subject variabil-

ity, we retained only those participants whose MRI visits were all
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acquired on the same scanner using the same protocol. In addition,
we applied a harmonization step to further reduce inter-subject vari-
ability in acquisition parameters across scanners. Third, because most
participants had only two MRI timepoints, we were unable to estimate
nonlinear rates of change. Future studies using mixed-effects models,
together with additional follow-up visits over a longer observation win-
dow, could capture individual-level WMH trajectories and potential
nonlinearities over time. Finally, the threshold used to classify individu-
als as exhibiting WMH regression, stability, or progression was adapted
from research conducted in non-DS populations. Such thresholds can
influence participant categorization and, consequently, the interpreta-
tion of longitudinal WMH changes.>* Future research in DS should aim
to establish population-appropriate thresholds to improve the accu-
racy, reproducibility, and clinical relevance of WMH quantification in
individuals with Down syndrome.

In summary, our findings highlight the variability in the longitu-
dinal evolution of WMH in DS. In younger adults with DS, WMH
volumes are low, and annual changes remain minimal, typically close
to zero. As individuals age and reach approximately 40-45 years, they
exhibit a higher WMH burden, as evidenced by prior cross-sectional
observations, along with greater longitudinal variability, including both
increases and decreases over time. Between-visit decreased WMH was
observed more frequently than increased WMH and was related to
older age, AD symptoms, and higher baseline WMH. This reduction was
only partially explained by the WM atrophy and may suggest mecha-
nisms such as inflammatory resolution. This challenges the assumption
that WMH in DS are static accumulations of irreversible injury and
underscores the need to better characterize these lesions.
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STRUCTURED ABSTRACT

Introduction; This study investigates the evolution with disease progression and pathological correlates of Peak width
of skeletonized mean diffusivity (PSMD), a sensitive diffusion MRI marker of microvascular white matter (WM) injury,

in sporadic Alzheimer’s disease (sAD) and Down syndrome (DS)-associated AD.

Method; This cross-sectional study included 150 euploid controls, 118 subjects with sAD, and 228 DS adults (34.65%
with symptomatic AD). PSMD was derived from 3T-MRI diffusion tensor imaging. Associations with sociodemographic,

clinical stage, CSF, and small vessel disease markers were examined.

Results; PSMD correlated with age in all groups, showing a stronger association in DS, with alterations apparent 15
years before the population’s dementia age of onset. In euploid and DS, higher PSMD correlated with AD severity,
CSF-NfL, microbleeds, and WMH. PSMD abnormalities were more frequent than WMH, especially in DS.

Discussion; PSMD is a sensitive early biomarker of WM injury across sAD and DSAD, preceding symptom onset and

capturing multifactorial disease processes.

Keywords: Alzheimer’s disease; Down syndrome; magnetic resonance imaging, diffusion weighted imaging, white

matter integrity; small vessel disease

1. BACKGROUND

Down syndrome (DS) is the most common genetic cause
of intellectual disability (ID), caused by a full or partial
trisomy of chromosome 21 [1]. DS also represents the
largest genetic form of Alzheimer’s disease (AD), mainly
due to the triplication of the Amyloid Precursor Protein
(APP) gene on chromosome 21 [2]. The overexpression of
APP accelerates amyloid-B (AB) accumulation, starting
during adolescence, and by the age of 40, virtually all
with DS exhibit the

hallmarks of AD [3,4]. In parallel, cerebral amyloid

individuals neuropathological
angiopathy (CAA), characterized by AB deposition in the
walls of leptomeningeal and cortical blood vessels, is
frequently observed in DS [5,6] and likely contributes to

microvascular injury and white matter (WM) damage.

Although AD

primarily affecting grey matter (GM), it is now established

is traditionally considered a disease

that WM degeneration also occurs early in the disease
process [7,8]. Pioneer post-mortem studies described
loss of myelin, axonal degeneration, and gliosis in the
WM in AD patients [9]. These lesions were not fully
explained by Wallerian degeneration from cortical
atrophy [9], implicating additional mechanisms such as

microvascular injury [10] and/or demyelination [11].

Diffusion weighted imaging (DWI), specifically diffusion
(DTI),

capable of detecting subtle WM changes not visible on

tensor imaging is a neuroimaging technique

conventional structural magnetic resonance imaging
(MRI) [12]. By modeling the magnitude and directionality
of water diffusion, DTI yields indices such as fractional
anisotropy (FA) and mean diffusivity (MD) that are
DWI

sensitively captures WM changes with consistently

sensitive to myelin and axonal integrity [13].
decreasing FA and increasing MD values in normal aging
[14-17] and AD [7,8]. In DS, DTI studies demonstrated
reduced FA and increased MD compared to the euploid
[18-21]. These
prominent with AR burden and AD progression [22-24],

population alterations were more

with early changes in late-myelinating and relative

preservation of early-myelinating fiber pathways [23].

Beyond the traditional DTI metrics, the peak width of
skeletonized mean diffusivity (PSMD) represents a

dispersion-based measure  that captures  the
heterogeneity of MD values sampled along the WM
A higher PSMD value

heterogeneity, increased water dispersion, and greater

skeleton. indicates greater

WM microstructural damage [25]. Originally studied in
the context of CAA [26-30], PSMD has since been
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proposed as a promising imaging biomarker of small
vessel disease (SVD) [25,31,32]. In addition, increased
PSMD has been reported in other conditions associated
with WM damages, in which SVD is common, such as
normal aging [33], and AD [29,34,35]. In AD, specifically,
a recent study further suggested that PSMD may improve
the prediction of conversion from cognitively stable
or AD

dementia. [34]. To our knowledge, there are no yet

status to mild cognitive impairment (MCI)
studies investigating its performance in DS, a population
with ultrahigh risk of developing both AD and CAA.

The aim of this study is therefore to characterize PSMD
across the AD continuum in both DS-associated AD
(DSAD) and sporadic AD (sAD). The inclusion of the sAD
group serves as a clinical benchmark, enabling us to
determine whether early WM microstructural injury in DS
shares common pathophysiological mechanisms with
sporadic AD or is primarily driven by DS-specific genetic
factors. We further examined the relationships between
PSMD with sociodemographic variables, APOE and clinical
stage, and biomarkers of AD and SVD. We hypothesize
that (i) PSMD will be higher in AD groups (both sAD and
DS) compared to euploid cognitively unimpaired (CU)
controls; (ii) higher PSMD will be associated with greater
AD pathology (as reflected by CSF biomarkers) and SVD
burden; and (iii) in DS, PSMD alterations will precede the
emergence of AD symptoms. Such deep characterization
has the potential to provide novel insight into the utility
of PSMD as a sensitive, clinically relevant metric to detect

early WM changes in AD.
2. METHODS
2.1 Study design and participants

This single-center, cross-sectional cohort study enrolled
adults with DS from the population-based Down-
Alzheimer Barcelona Neuroimaging Initiative (DABNI)
cohort [36], euploid, cognitively unimpaired controls
(CU), and individuals with sAD from the Sant Pau Initiative
on Neurodegeneration (SPIN) cohort [37]. Participants
were eligible for the present study only if they underwent
an MRI scan comprising both T1-weighted (T1w) and DWI
imaging. The study was approved by the Sant Pau Ethics
Committee following the standards for medical research

in humans recommended by the Declaration of Helsinki.

All participants or their legally authorized representatives

gave written informed consent before enrolment.
2.2 Clinical assessment

Most participants were screened for apolipoprotein E
(APOE) haplotype and underwent a comprehensive
neurological and neuropsychological evaluation,
including the assessment for the presence of traditional
vascular risk factors (hypertension, dyslipidemia, and
diabetes mellitus). Clinical diagnoses were based on the
diagnostic workup closest to the MRI scan (within 1 year),
without relying on prior longitudinal research visits.
Instead, clinical decline was ascertained cross-sectionally
through structured anamnesis, standardized clinical

scales, and informant reports.

For the DABNI cohort, adults with DS underwent a specific

neuropsychological assessment, including the
Cambridge Cognitive Examination for Older Adults with
Down Syndrome (CAMCOG-DS)

evaluate the global

Spanish version to
cognition. Additionally, ID was
categorized as mild, moderate, or severe/profound
based on the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition, and caregivers’ report of the
individual’s best-ever level of functioning and the score
of the Kaufman Brief Intelligence Test Spanish version. To
account for the effect of ID on cognitive performance, we
excluded severe/profound cases to prevent floor effects
and z-transformation on each test in mild and moderate
ID groups separately. Participants were clinically
classified in a consensus meeting between neurologists
and neuropsychologists, after independent visits and
blinded to biomarker data, into the following four
groups: (1) asymptomatic (aDS, i.e., no clinical or
neuropsychological suspicion of AD-related cognitive
decline), (2) (pDS, i.e.,

cognitive decline due to AD, but no significant impact on

prodromal AD evidence of
baseline activities of daily living), (3) AD dementia (dDS,
i.e., when the cognitive decline impaired the daily
activities) and (4) uncertain (uDS, i.e., when there were
medical, pharmacological, and/or psychiatric conditions
interfering with cognition or daily activities, but no

suspicion of neurodegenerative origin).

Participants in the SPIN cohort underwent a standardized

neurological and neuropsychological assessment to
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evaluate multiple cognitive domains, as well as
neuropsychiatric symptoms, functional impact, and
global cognitive impairment. For clinical diagnostic

staging, we prioritized the Clinical Dementia Rating (CDR)
global scale or Global Deterioration Scale - Functional
Assessment Staging (GDS-FAST) over the Mini-Mental
State Examination (MMSE). The clinical diagnosis of sAD,
identifying individuals in the MCl and dementia stages of
AD, was established following the National Institute on
Aging-Alzheimer’s Association (NIA-AA) criteria. In a
subset of participants with available fluid biomarkers, AD
diagnosis was further confirmed according to a
previously validated cerebrospinal fluid (CSF) biomarker
cutoff, defined as an AB peptide 1-42 (AB42), AB peptide
1-40 (AB40)

presence of amyloid pathology. CU individuals did not

ratio < 0.062 pg/mL, indicating the
present neurological or psychiatric disorders or other
major medical illnesses, were required to have a CDR
global scale of 0 and/or a GDS-FAST score of 1, and to
perform within the normal range on neuropsychological

evaluations regarding their age and education [37].
2.3 Neuroimaging data
2.3.1 Image acquisition

MRI was acquired on 3T scanners at Hospital del Mar
(Philips Achieva) and Hospital Clinic (Siemens Prisma).
The

dimensional

protocols included high-resolution three-
Tlw, DWI,

recovery (FLAIR), and susceptibility-weighted imaging

fluid-attenuated inversion
(SWI). Detailed acquisition parameters are provided in
Table S1.

2.3.2 PSMD computation

All DWI scans underwent visual quality control, and those
with unsatisfactory raw quality were excluded. DWI
acquisition was either single-shell (n= 405) with b-value
= 1000 s/mm2 or (n=91) with b-
values=0,500,1000, and 2000 s/mm2. To harmonize the
data and follow the PSMD developers’ guidance that b-

multi-shell

values between 700 and 1200 s/mm?2 are required [25],
we retained only the b-value = 1000 s/mm2 volume,
which was extracted using fslsplit and reassembled with

fsimerge in FSL (v6.0.7.15).

Preprocessing was performed with an in-house Python
pipeline using Diffusion Imaging in Python (DIPY). First,
DWI

principal

images were denoised with Marchenko-Pastur
(PCA)
dipy_denoise_mppca. Although a subset of participants

component analysis with
(n = 276) had additional reverse phase-encoded b = 0
images enabling susceptibility distortion correction with
FSL TOPUP, this step was not applied in order to maintain
a uniform processing pipeline across the full cohort.
Exploratory analyses indicated that applying TOPUP did
not significantly affect the resulting PSMD values. Finally,
for all participants, eddy-current and motion correction

were then applied with FSL EDDY.

PSMD was automatically computed using the freely
available script from Baykara and colleagues (2016) [25].
Briefly, eddy-corrected DWI scans were processed with
the standard Tract-Based Spatial Statistics (TBSS) pipeline
in FSL. First, FA volumes were registered to the FMRIB 1
mm FA template in standard space. Second, a WM
skeleton was derived from the mean FA image and
thresholded at FA > 0.2 to exclude predominantly non-
WM voxels. Third, MD maps were projected onto the FA
skeleton and further masked using the WM skeleton
mask, provided by Baykara and colleagues, with an FA
threshold of > 0.3 to mitigate CSF partial volume effects.
Finally, PSMD was calculated as the difference between
the 95th and 5th percentile values of the MD histogram
within the entire skeleton mask, representing a global
WM diffusion metric. To account for differences in MRI
acquisition protocols, PSMD was harmonized using the
ComBat method,

implemented in the R library

neuroCombat.
2.3.3 White matter hyperintensities quantification

Total white matter hyperintensity (WMH) volume was
quantified as previously described [38]. In brief, FLAIR
images were coregistered to their corresponding Tlw
images using Advanced Normalization Tools (ANTSs).
Then, lesion probability maps were generated with the
Lesion Prediction Algorithm implemented in the Lesion
(LST v3.0.0) for SPMI12.

Probability maps were binarized at a threshold of 0.3 to

Segmentation Toolbox

extract a global metric of total WMH volumes, and
ComBat harmonization was applied to adjust for

differences in MRI acquisition protocols.
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2.3.4 Microbleed segmentation

SWI images underwent N4 bias-field correction (ANTS)
and were coregistered to their corresponding T1w image.
Cerebral microbleeds were manually segmented in ITK-
SNAP (v3.8.0), as [39]. Most
segmentations were obtained from a previous study in
which

segmentations; the remaining scans were segmented by

previously described

two independent raters performed the
only one of these raters (S5.Z.). All raters were blinded to

demographic, clinical, and fluid biomarker data.
Participants were classified according to the presence of
microbleed (microbleed negative [MB-] and microbleeds

positive [MB+]).
2.4 Cerebrospinal fluid biomarkers

A subset of participants underwent lumbar puncture
within 1 year of MRI acquisition. We quantified AB40,
ABA42,
(pTaul81)

immunoassay in a fully automated platform (Lumipulse;

and tau phosphorylated at threonine 181

in CSF using a commercially available

Fujirebio-Europe),
protocol. CSF neurofilament light chain (NfL) and YKL-40

following a previously published

(also known as chitinase 3-like 1) levels were measured

with available enzyme-linked
(NF-Light

UmanDiagnostics and MicroVue EIA, Quidel, respectively)

commercially

immunosorbent assays Assay,

according to the manufacturer’s recommendations.
Additionally, CSF glial fibrillary acidic protein (GFAP)
concentrations were measured using the SR-X single-

molecule array (Quanterix).
2.5 Statistical analyses

Statistical analyses were conducted using R software
(version 4.5.1), and the statistical significance threshold
p=0.05.
sociodemographic characteristics among DS, CU, and

was set at Differences in  baseline
sAD were assessed using the compareGroups library.
Chi-squared tests were used for categorical variables,
such as sex and APOEe4 status, while Kruskal-Wallis tests
were applied for continuous variables, including age and
CSF biomarkers, since they did not follow normality. To
reduce skewness, PSMD, WMH, and concentrations of CSF
biomarkers were log-transformed. Participants classified

as uDS were included in all combined DS analyses but

excluded from analyses stratified by AD clinical

diagnosis.

To examine the age-related trajectories of PSMD, we

performed locally estimated scatterplot smoothing
(LOESS) curves using a tricubic weight function and a
span parameter of 0.75, providing an informative
representation of the data. We additionally used robust
linear regression, separately in CU, sAD, and DS, to
assess associations between PSMD and age, as well as
global cognitive scores (CAMCOG-DS z-scores for the DS
cohort and MMSE for the euploid population). To assess
the effect of sex, APOEe4 status, ID, and AD clinical status
on the distribution of PSMD, we performed either Mann-
Whitney or Kruskal-Wallis tests followed by the Dunn test
for post-hoc analysis and Holm correction for multiple

comparisons.

Associations between PSMD and CSF biomarkers were
evaluated using robust linear models and adjusted for
multiple comparisons using the False Discovery Rate
(FDR). First, we used univariate robust linear regression
models to assess the predictive capacity of individual
fluid biomarkers on total PSMD in CU, sAD, and the whole
DS cohort, and stratified in aDS and symptomatic DS
(sDS;

regression coefficients were used to compare the

comprising pDS and dDS). The standardized

strength of the association between the predictors and
PSMD. Additionally, we Net

regression to assess the relative contribution of all CSF

implemented Elastic

biomarkers to PSMD within each clinical subgroup. For
these models, we analysed a subset of participants with
the complete panel of CSF biomarkers available. Note that
this subset did not differ significantly from the remaining
participants in demographic or clinical characteristics.

This approach combines the strengths of lasso and ridge

regularization, enabling effective handling of
multicollinearity, mitigation of overfitting, and
data-driven feature selection. All predictors were

standardized before model fitting. The Elastic Net mixing
parameter « was fixed at 0.5, providing equal weighting
to L1 (variable selection) and L2 (coefficient stabilization)
penalties. The penalty parameter A was selected using
Leave-One-Out Cross-Validation (LOOCV), we retained
A_min, corresponding to the model with the minimum

mean cross-validated error. To evaluate the stability of
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variable selection, we performed 200 bootstrap
resamples of each subgroup dataset. For each resample,
an Elastic Net model was fit using the same « and
A-selection procedure. Biomarkers were considered
robust predictors if they were selected (non-zero

coefficient) in at least 70% of the bootstrap models.

The impact of microbleed presence on PSMD was
evaluated using the Mann-Whitney test. The relationship
between PSMD and WMH was tested with a robust linear
regression. We additionally performed a conditional
probability analysis to assess the concordance between
PSMD alterations and WMH and to determine whether

isolated positivity in one marker was more frequent than
in the other. The theoretical background and details of
this method have been previously described [40]. In brief,
we dichotomized both PSMD and WMH using thresholds
(mean + 1.5 SD) defined in the CU group. Values above
the threshold were labeled abnormal (i.e., PSMD+,
WMH+), and values equal to or below were labeled
normal (i.e., PSMD—, WMH-). Finally, we used McNemar’s
test to assess, within each population (euploid and DS),
the evidence against the null hypothesis that the
probability that PSMD is pathological but not WMH
(PSMD+WMH-) is equally likely than WMH is pathological
but not PSMD (PSMD—-WMH-+).

Table 1. Study participants Cu sAD DS

N =150 N=118 N = 228 p-value
Age, y 56.35[51.08;63.27] 72.80[68.12;76.37] 44.72 [37.05;51.44] <0.001a
Female 101 (67.33%) 69 (58.47%) 99 (43.42%) <0.001°b
APOFe4 carriers 41 (30.60%) 68 (60.18%) 45 (21.23%) <0.001¢

AD clinical diagnosis

CU/aDSs 150 (100.00%)
MCl/pDS 0 (0.00%)
AD Dementia/dDS 0 (0.00%)

uDS

Intellectual disability

Mild
Moderate
Severe/Profound

Vascular risk factors

Hypertension
Dyslipidemia
Diabetes mellitus

16/78 (20.51%)
25/78 (32.05%)
3/78 (3.85%)

0 (0.00%)
84 (71.19%)
34 (28.81%)

141 (61.84%)
39 (17.11%)
40 (17.54%)
8 (3.51%)

74 (32.89%)
115(51.11%)
36 (16.00%)

CSF biomarkers, pg/mL
AB42/AB40 (N=102/94/127)
pTaul81 (N=102/94/127)
NfL (N=128/83/126)

GFAP (N=45/50/110)

0.10[0.10;0.11]

32.70 [26.95;42.38]
369.05 [307.20;496.92]
3019.55
[1510.64;5335.14]

YKL-40 (N=140/79/126) 176.97 [134.78;223.54]

32/60 (53.33%) 5/211 (2.26%) <0.001d
33/60 (55.00%) 41/218 (18.81%) <0.001d
5/58 (8.62%) 10/221 (4.52%) 0.374

0.04 [0.04;0.05] 0.06 [0.04;0.08] <0.001e
106.00 [78.90;155.00] 48.10[22.30;100.70] <0.001f
997.39 [822.05;1343.45] 462.92 [263.85;754.11] <0.001f
10148.46 3744.11 [2190.58;5493.55]

[5829.18;13852.84] <0.0019
301.85[262.10;335.67] 153.29[99.81;218.68] <0.0012

Notes: Data are n (%) or median [IQR]. P-values indicate the statistical significance of differences among CU, AD, and DS participants using Chi-squared and Kruskal-Wallis tests,
followed by Dunn'’s test for post-hoc analysis. a: DS<CU<sAD; b: DS != CU; DS!=sAD; c: sAD != CU; sAD!= DS; d: CU != sAD != DS; e: sAD < DS < CU; f: CU < DS < sAD; g: CU
== DS < sAD. Notes: Data are n (%) or median [IQR]. P-values indicate the statistical significance of differences among CU, AD, and DS participants using Chi-squared and
Kruskal-Wallis tests, followed by Dunn’s test for post-hoc analysis. Abbreviations: AB42/AB40, concentration ratio between amyloid beta peptide 1-42 and amyloid beta peptide
1-40 (pg/mL); AD, Alzheimer’s disease; aDS, asymptomatic Down syndrome; APOE, apolipoprotein E; CSF, cerebrospinal fluid; CU, euploid cognitively unimpaired controls; dDS,
Down syndrome with Alzheimer’s disease dementia; DS, Down syndrome; GFAP, glial fibrillary acidic protein concentration (pg/mL); IQR, interquartile range; MCl, mild cognitive
impairment; NfL, neurofilament light chain concentration (pg/mL); pDS, prodromal Down syndrome; pTaul81, tau phosphorylated at threonine 181 concentration (pg/mL);
sAD, sporadic Alzheimer’s disease; uDS, Down syndrome with an uncertain diagnosis of neurodegenerative disease; YKL-40, chitinase 3-like.

3. RESULTS
3.1 Population

The study included 228 adults with DS from the DABNI
cohort, 150 CU, and 118 sAD patients from the SPIN
cohort (Table 1). Participants spanned the whole AD
clinical continuum. In the DS group, 141 were aDS, 39
pDS, 40 dDS, and 8 uDS, while in the sAD group, 84 had
MCI and 34 had AD dementia (see Table S2 for

demographic data stratified by clinical diagnosis). Within
DS, ID levels were distributed as 74 mild ID, 115
moderate ID, and 36 severe/profound ID. Age differed
significantly across groups: sAD (median [IQR] = 72.80
[8.25]) were older than CU (56.35 [12.19]) and DS (44.72
[14.39]; H(2,496)=293.08, p<0.001). There was also a
significant difference in the sex distribution, with fewer
females in DS (43.42%) compared with CU (67.36%) and
sAD (58.47%; p<0.001). APOFe4 carriers were more
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frequent in sAD (60.18%) than in CU (30.60%) or DS
(21.23%; p<0.001). The prevalence of hypertension and
dyslipidemia was higher in the sAD cohort (53.33%;
55.00%, respectively) than in the CU (20.51%; 32.05%)
(2.26%; 18.81%;
p<0.001), with no significant difference in diabetes
mellitus (CU: 2.50%; sAD: 4.55%; DS: 4.52%; p=0.37).

and DS groups both conditions

AB42/AB40 ratio and the highest concentrations of CSF
pTaul81, GFAP, and YKL40, compared with both CU and
DS groups (all p<0.001). Participants with DS exhibited
lower CSF AB42/AB40 and higher CSF pTaul181 and NfL
levels compared with CU (all p<0.05). CSF GFAP did not
differ between (p=0.13), and CSF YKL-40 concentrations
were higher in CU than DS (p=0.03).

Asexpected, sAD demonstrated the lowest CSF
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Figure 1. Effect of sociodemographic, and genetic data variables on PSMD. (A) Association between PSMD age. The points represent individual participants, and the color
indicates their clinical diagnosis. Shaded areas represent 95% Cl: dark gray represents the age-related changes in DS and sporadic AD, and light gray in the CU group for visual
reference. The dashed line indicates when the Cl stops overlapping between the DS and CU groups (38 years). Boxplots showing the effect of (B) sex, and (C) APOE genotype,
on PSMD. Abbreviations: aDS, asymptomatic Down syndrome; CU, cognitively unimpaired; dDS, Down syndrome with Alzheimer’s disease dementia; Dem, Alzheimer’s disease
dementia; MCI, mild cognitive impairment; PSMD, peak width of skeletonized mean diffusivity (mm2/s, log); ns: no significance; *: p<0.05; **: p<0.01; ***: p<0.001.
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3.2 Effect of sociodemographic, and genetic variables on
PSMD

PSMD was associated with age in all groups: CU (R2=0.24,
p<0.001), sAD (R2=0.19, p<0.001), and DS (R2=0.34,
p<0.001; Figure 1A). LOESS curves indicated that age-
related PSMD elevations appeared earlier in DS than CU,

with confidence intervals ceasing to overlap at age 38.

When evaluating the DS population by clinical status,
PSMD remained positively associated with age within
both the asymptomatic (aDS; R2=0.13, p<0.001) and
symptomatic (sDS; R2=0.12, p=0.001) groups (Figure
S1A). In CU, higher PSMD values were observed around
50 years. At all ages, PSMD values were lower in CU than
in sAD.
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Figure 2. Effect of AD clinical status and cognitive scores on PSMD. (A) Boxplots showing the effect of clinical AD diagnosis on PSMD. (B) Associations between cognitive scores
and PSMD. Abbreviations: aDS, asymptomatic Down syndrome; CAMCOG-DS, Cambridge Cognitive Examination for Older Adults with Down Syndrome; CU, cognitively
unimpaired; dDS, Down syndrome with Alzheimer’s disease dementia; Dem, Alzheimer’s disease dementia; MCI, mild cognitive impairment; MMSE, Mini-Mental State
Examination; PSMD, peak width of skeletonized mean diffusivity (mm?2/s, log); ns: no significance; *: p<0.05; **: p<0.01; ***: p<0.001.
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In the euploid population (CU and sAD), PSMD was higher
in males than females (W=4870, p<0.001; Figure 1B) and
in APOFe4 carriers than non-carriers (W=6348, p=0.04;
Figure 1C). When examining these effects within each
diagnostic group separately, males still exhibited higher
PSMD values than women (CU: W=1346, p<0.001; sAD:
W= 9119, p<0.001; Figure S1B), while the effect of
APOEe4 status was not significant (CU: W=2051, p=0.49;
sAD: W=1683, p=0.37; Figure S1C) In DS, there was no
significant effect of sex (W=6918, p=0.21) or APOFe4
status (W=3712, p=0.90; Figure 1B, C), independently of
the diagnostic group (Figure 1SB, C).

Within DS, PSMD significantly differed by ID level, with
moderate and severe/profound
higher values than mild ID (H(2,225)=9.43, p=0.009,
Figure S2A). This result may be explained by differences

ID showing slightly

in clinical status across the ID groups: aDS was more
frequent in the mild ID subgroup (75%) than in the
moderate (55%) and severe/profound (58%) subgroups.
Age-PSMD trajectories were otherwise similar across ID

levels (Figure S2B).
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Figure 3. Association between PSMD and CSF AD biomarkers. (A) Robust linear regression of PSMD versus CSF biomarkers. The points represent individual participants, with
colors indicating their clinical diagnosis. Shaded areas represent 95% Cl. The dotted lines represent the entire population, either DS or euploid, while the solid lines represent
the cognitively unimpaired (CU), asymptomatic (aDS), and symptomatic (sDS or sAD) groups. (B) Barplot showing the coefficients of the elastic net regression model for each
predictor across clinical cohorts. Colors indicate the clinical group; predictors shown in gray did not meet the robustness threshold. Abbreviations: CSF: cerebrospinal fluid;
AB42/AB40: concentration ratio between amyloid B peptide 1-42 and amyloid B peptide 1-40 (pg/mL); pTaul81: tau phosphorylated at threonine 181 concentration (pg/mL);
NfL: neurofilament light chain concentration (pg/mL); GFAP, glial fibrillary acidic protein concentration (pg/mL); YKL-40, chitinase 3-like 1 (pg/mL); sAD: sporadic Alzheimer’s
disease; DS: Down syndrome; aDS: DS asymptomatic; sDS: symptomatic DS; CU, euploid cognitively unimpaired controls; PSMD, peak width of skeletonized mean diffusivity

(mm?2/s, log); Dem, Alzheimer’s disease dementia; MCI, mild cognitive impairment.
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3.3 Effect of AD clinical status and cognitive scores on
PSMD

Regarding the AD clinical status, PSMD values were
progressively higher with advancing clinical severity
across the AD continuum in both euploid and DS
populations (H(5,488)=200.15, p<0.001; Figure 2A).
PSMD in
symptomatic relative to CU and asymptomatic stages (CU
vs MCl: z=9.41, p<0.001; CU vs AD dementia: z=8.40,
p<0.001; aDS vs pDS: z=4.77, p<0.001; aDS vs dDS:
z=7.92, p<0.001). Within symptomatic status, PSMD did

Pairwise comparisons showed higher

not differ significantly between MCl and AD dementia in

euploid participants (z=1.54, p=0.12) or between pDS
and dDS in DS (z=2.47, p=0.14). Clinical stage-matched
comparisons across populations showed no differences
between CU and aDS (z=0.89, p=0.37), MCl and pDS
(z=-1.63, p=0.10), or AD dementia and dDS (z=-0.31,
p=0.76).

Furthermore, higher PSMD values were significantly
associated with lower global cognitive scores in both the
euploid (R2=0.26, p<0.001)
(R2=0.21, p<0.001). When

diagnosis, these associations were attenuated or no

and DS populations

stratifying by clinical

longer significant (Figure 2B, C).
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Figure 4. Associations between PSMD and SVD markers. (A) Boxplots showing the effect of microbleeds presence on PSMD, (B) robust linear regression analysis of PSMD and
WMH, and conditional probability analysis in euploid (C) and Down syndrome (D) populations. The points represent individual participants, with colors indicating their clinical
diagnosis. Abbreviations: aDS, asymptomatic Down syndrome; CU, euploid cognitively unimpaired controls; dDS, Down syndrome with Alzheimer’s disease dementia; Dem,
Alzheimer’s disease dementia, MCl, mild cognitive impairment; PSMD, peak width of skeletonized mean diffusivity (mm2/s, log); WMH, white matter hyperintensity (mm3, log);

MB, microbleed status.
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3.4 Associations between PSMD and CSF biomarkers

In CU participants, PSMD was negatively associated with
CSF AB42/AB40 ratio (B = -0.22, 95% CI [-0.43, -0.02],
R2 =0.04, p=0.05) and positively associated with CSF
pTaul81 (B= 0.26 [0.05, 0.46], R2=0.05, p=0.02), CSF
NfL (B = 0.39 [0.22, 0.56], R2=0.14, p<0.001), and CSF
YKL-40 (B = 0.30[0.13, 0.47], R2=0.08, p=0.001; Figure
2). In sAD, PSMD was associated with CSF pTaul81 (B =
-0.24[-0.42, -0.05], R2=0.05, p=0.03) CSF NfL (B = 0.26
[0.03, 0.48], R2=0.05, p=0.04; Figure 3A; Table S3).

In individuals with DS, PSMD was associated with all fluid
biomarkers (CSF AB42/AB40: B = -0.46 [-0.60, -0.32],
R2=0.24, p<0.001; CSF pTaul81: f = 0.39 [0.23, 0.54],
R2=0.16, p<0.001; CSF NfL: B = 0.59 [0.46, 0.73],
R2=0.38, p<0.001; CSF YKL-40: B = 0.35 [0.20, 0.50],
R2=0.13, p<0.001; CSF GFAP: B = 0.46 [0.30, 0.62],
R2=0.22, p<0.007; Figure 3A; Table S3).

When stratifying DS by clinical stage, in aDS, PSMD was
associated with CSF NFL (B = 0.31 [0.13, 0.49], R2= 0.12,
p=0.007), and CSF GFAP (8 = 0.25 [0.08, 0.42], R2=0.10,
p=0.03). In sDS, CSF NfL (B = 0.46 [0.21, 0.70], R2=0.21,
p=0.001) and CSF GFAP (8 = 0.32 [0.04, 0.60], R2=0.09,
p=0.02) remained significant (Figure 3A; Table S3).

Elastic net regression revealed distinct biomarker profiles
associated with PSMD across clinical cohorts (Figure 3B;
Table S4). In the CU cohort (n=40), CSF pTaul8l
(coefficient=-0.13), NfL (coefficient=0.27), and YKL-40
(coefficient=0.32) were selected as the main predictors
(R2=0.20, MSE=0.80). In sAD (n=40),
explained little variance, and only NfL was retained
(coefficient=0.16, R2=0.03, MSE=0.97). Within the
overall DS cohort (n=102), all biomarkers contributed
significantly to PSMD prediction (AB42/AB40=-0.36,
pTaul81=-0.20, NfL=0.63, GFAP=0.16, YKL-40=-0.36;
R2=0.35, MSE=0.64). In aDS (n=57), APB42/AB40
(coefficient=-0.43), pTaul81 (coefficient=-0.45), NfL
(coefficient=0.29), GFAP (coefficient=0.20), and YKL-40
(coefficient=-0.17) were selected, although YKL-40 did

the model

not meet the robustness threshold (Table S4) and the
model explained very little variance (R2=0.02, MSE =
0.98). In sDS (n=44), pTaul81 (coefficient=-0.21), NfL
(coefficient=0.60), and YKL-40 (coefficient=-0.21)

emerged as the most
MSE=0.87).

robust predictors (R2=0.13,

3.5 Associations between PSMD and SVD markers

The presence of at least one microbleed was associated
with higher PSMD in both euploid (W=2717, p<0.001)
and DS (W=2059, p<0.001) groups (Figure 4A). PSMD
also correlated strongly with WMH volume in euploid
(R2=0.68, p<0.001) and DS (R2=0.52, p<0.001)
populations, with the greatest association in DS (Figure
4B).

To assess the concordance between dichotomized PSMD
and WMH status, we defined positivity thresholds using
the euploid CU as the reference. The resulting thresholds
(mean + 1.5 SD) were PSMD=0.61x10-4 mmz2/s and
WMH=3.83 mm3. In the -euploid population, the
proportion of PSMD+WMH- cases (5.32%) did not differ
significantly from PSMD-WMH+ cases (6.15%; x2=0.04,
p=0.85; Figure 4C). In contrast, within DS, PSMD+WMH—
(10.27%) much more frequent than
PSMD—WMH+ cases (1.62%; x2=10.23, p=0.001; Figure
4D). We conducted sensitive analysis applying alternative
thresholds (1.0 SD to 3.0 SD) to define biomarker
positivity. Consistently, the proportions of PSMD+WMH-

cases were

and PSMD-WMH+ remained similar in the euploid group
across thresholds (Table S5), whereas in individuals with
DS, PSMD+WMH- cases systematically outnumbered
PSMD—-WMH+ cases (Table S6).

4. DISCUSSION

WM injury is increasingly recognized as an early feature
of AD, vyet

populations remains limited. In this study, we provide for

its characterization across distinct AD

the first time an integrated evaluation of PSMD, a
clinically relevant WM metric, across DSAD and sAD, with
the aim of determining which WM microstructural
changes reflect pathophysiological mechanisms shared
across both AD conditions and which are predominantly
driven by the unique genetic background of DS. Our
findings demonstrate that PSMD captures early WM injury
in both populations, with changes detectable at the
prodromal stage and, in DS, approximately 15 years
before expected symptom onset. Critically, the strong
associations between PSMD and both CSF NfL and SVD
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neuroimaging markers across all cohorts indicate that
WM damage in AD reflects a mixed pathophysiology,
encompassing both AD-related neurodegeneration and
microvascular disease. Furthermore, elevated PSMD in
the absence of visible WMH was more frequent than the
This

microstructural

reverse pattern. likely reflects a temporal

precedence  of changes  over
macrostructural lesions, highlighting the sensitivity of
PSMD to underlying early-stage WM pathology. Together,
these results refine our understanding of WM injury
across the AD continuum and establish PSMD as a

promising marker for tracking it.

PSMD was associated with age in all three groups. In CU,
the age-related trajectory was relatively stable and rose
after approximately 52 years, consistent with multi-
cohort evidence [33]. In DS, PSMD was monotonically
higher with age, and by age 38, confidence intervals no
longer overlapped those of CU. This precedes by
approximately 15 years the estimated age of onset of AD
dementia in DS, estimated at 53.8 years in a large meta-
analysis [41]. At this age, AD neuropathology is virtually
universal [2], and SVD lesions are increasingly observed
[5,38,39,42-44]. In sAD, PSMD was systematically higher
than CU at all ages, indicating a clear AD pathology effect.
However, the age-related PSMD trajectory paralleled that
of CU, suggesting a similar age effect. Together, these
results align with previous DTI studies reporting age-
related WM changes in the general population [45-48],
but also in AD [8] and DS [19,49].

Regarding sex, males showed higher PSMD values than
females in the euploid population, but not in DS. While
traditional DTI metrics reported lower WM integrity in
females [33,50-55], PSMD tends to be higher in males
[33], potentially capturing accelerated WM heterogeneity
associated with earlier-onset vascular aging in men [56],
driven by sex-specific vascular risk factor profiles [57].
In DS, the absence of sex differences in PSMD aligns with
studies for AD biomarkers [58] and for vascular lesions
[38,39,44].

APOEe4 was associated with higher PSMD in the whole
euploid population. However, this effect appeared to be
driven by sample composition differences and APOELe4

carriers proportion across CU and sAD cohorts, not

reaching significance when stratifying by clinical status.
Evidence for APOFe4 effects on WM microstructure
remains mixed [50,60-62], although a large-scale UK
Biobank study has demonstrated that APOFEe4 carriers,
particularly e4 homozygotes, exhibit lower WM integrity
and steeper age-related decline [63]. In DS, APOEe4 did
not significantly impact PSMD, consistent with previous
investigations that, despite showing an influence of
APOEe4 on AD biomarkers [64],
significant effect on SVD markers in DS [38,39,42,44].

have not found a

Across the AD clinical continuum, PSMD was higher in
symptomatic compared to asymptomatic stages in both
euploid and DS populations, and was associated with
lower global cognitive scores. In autosomal dominant AD,
PSMD rises years before expected symptom onset,
suggesting the sensitivity to capture preclinical WM
changes [65]. However, once symptoms emerged, even
though PSMD trended higher
dementia stage, this difference was not significant in

from prodromal to

either sAD or DS. Prior work consistently showed that
PSMD is higher in AD than in CU, with MCI typically
intermediate, but differences between MCI and AD
dementia stages do not reach significance [25,26,66,67].
In DS, DTI studies showed lower integrity compared with
euploid controls [18,19,23], with more pronounced
abnormalities in dDS [22]. Interestingly, within—clinical
stage comparisons between euploid and DS (aDS vs. CU,
pDS vs. MCI, dDS vs. AD dementia) did not reveal
significant differences, aligning with a recent review
showing the overlap of PSMD ranges across neurological
conditions [32]. These results highlight that WM integrity
is altered early in the AD clinical course, and that PSMD
is sensitive to diffuse WM injury rather than disease

stage.

Univariate models showed an unexpected negative
association between PSMD and CSF pTaul81 in the sAD,
possibly reflecting the non-linear trajectory of CSF
pTaul8l

neurodegeneration

across the AD continuum: as

advances, progressive loss of
neuronal substrate can reduce pTaul81 release into the
CSF [68] even as WM damage accumulates. CSF NfL was
the only fluid biomarker consistently related to PSMD
across cohorts and AD stages, and one of the most robust
biomarkers in elastic net regressions, although the
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models explained minimal variance in sAD (R2=0.03) and
aDS (R2=0.02). A previous study similarly reported a link
between PSMD and plasma NfL in an MCI cohort [66]. In
DS, DTI metrics have also been associated with plasma
NfL [69]. Because WM mainly consists of myelinated
axons and NfL is released upon axonal damage [70], this
tight association was expected, and supports PSMD as a

marker of WM injury [32].

Finally, we found robust associations between PSMD and
SVD burden
Participants with microbleeds exhibited higher PSMD,

in both euploid and DS populations.

and PSMD strongly correlated with WMH, aligning with
prior DTI studies [71] and further supporting that, within
the AD PSMD SVD-related

injury alongside neurodegenerative

continuum, captures
microstructural
change. The mechanisms underlying WM pathology in AD
remain incompletely understood. Part of the injury may
be secondary to cortical GM pathology via Wallerian
degeneration [72], while additional damage likely arises
through vascular disease [73] and impaired myelination
[11]. Indeed, CAA is common in AD [74] and DS [5,6], and
vascular AB accumulation can compromise microvascular
integrity and perfusion, promoting the disruption of the
WM tracts [75]. Additionally, individuals with DS show
neurodevelopmental myelination deficits [76], which may
influence WM integrity and potentially interact with AD-
related demyelination processes, amplifying WM
vulnerability in DS [23]. In further analysis, we found that
in DS, but not in the euploid population, the proportion
of individuals with abnormal PSMD and normal WMH
exceeded the reverse. This asymmetry is consistent with
a model in which diffuse microstructural WM damage
precedes the emergence of focal macroscopic lesions
(WMH) [77].

establish temporal ordering, and the asymmetry could

However, cross-sectional data cannot
alternatively reflect greater sensitivity of PSMD to early-
stage WM pathology. Longitudinal studies are therefore
needed to confirm whether PSMD positivity predicts

subsequent WMH accrual.

This pattern was exclusively observed in DS. Notably, the
DS population exhibits a markedly lower prevalence of
traditional vascular risk factors, such as hypertension and
dyslipidemia, and has an increased risk of severe CAA

compared with controls and sAD, whereas age-related

arteriolosclerosis is more common in the euploid
population [5]. It is therefore possible that PSMD is more
sensitive to CAA-related microstructural disruption than
to other SVD forms [27,28]. Alternatively, the higher
prevalence of vascular risk factors, alongside the broader
comorbidity and copathology burden typical of the aging
population likely introduces heterogeneous mechanisms
of WM injury that obscure a clear temporal sequence
between microstructural and macrostructural changes.
Thus, DS may provide a more “pure” model in which early
vascular-related WM alterations, potentially driven by

CAA, can be detected more cleanly through PSMD.

The strengths of our study are twofold: i) the first
application of PSMD in one of the largest multimodal
cohorts of DS, and ii) integrated characterization that
CSF AD-related, and SVD
imaging markers in both sAD and DS along the AD

combines demographics,

continuum. This study also has some limitations. First,
even though different diffusion MRI protocols were used,
we applied ComBat harmonization to mitigate scanner
effects. Sensitivity analyses, including restriction to a
single protocol, confirmed that our findings are
independent of acquisition-related biases (data not
shown). Second, the unbalanced proportion of APOEe4
carriers prevented us from stratifying by homozygotes to
evaluate potential gene-dosage effects on WM integrity.
Third, our sAD group did not include individuals in the
AD,

characterization of the full disease spectrum, since only

preclinical stage of which constrains the
symptomatic participants with established amyloid-B
pathology were included. Finally, the cross-sectional
design does not allow causal inferences regarding the
relationships among AD pathology, SVD burden, and
PSMD. Future longitudinal studies are therefore needed
to clarify temporal ordering and quantify the respective
contributions of AD and SVD pathology to WM integrity

in both DS and sAD.

In summary, our results demonstrate that PSMD is a
sensitive marker of WM injury in both sporadic and
genetic forms of AD. In DS, PSMD alterations emerge
approximately 15 years before expected symptom onset
and are frequently observed in the absence of WMH,
consistent with temporal precedence of microstructural
changes, greater sensitivity of PSMD to underlying
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pathology, or both. Its strong association with NfL and
SVD burden underscores the multifactorial involvement
in WM damage and the need for multimodal tools to

disentangle the interplay between vascular and AD

processes.
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5. DISCUSSION




5.1 OVERVIEW

The present thesis provides a comprehensive neuroimaging investigation by
mapping both the MTL atrophy and the WM changes across the AD continuum
to unravel the trajectories of neurodegeneration and SVD in individuals with

DSAD.

First, Study 1 characterized the topographical and temporal sequence of atrophy
in MTL subregions. We found a non-linear pattern of atrophy across EYO,
including an initial phase of cortical thickening followed by progressive decline.
Crucially, the ERC and posterior hippocampus were identified as the earliest
regions of structural loss, exhibiting detectable changes up to 15 years prior to
symptom onset. Furthermore, we validated the posterior hippocampal volume
as a highly robust biomarker, comparable to the performance of core CSF AD

biomarkers in detecting symptomatic AD in DS.

In parallel, Study 2 and Study 3 provided a deep examination of WMH. Cross-
sectionally, we reported that WMH severity increases with advancing age, AD
pathology, and clinical staging in DS. These lesions initially predominate in a
periventricular topography and subsequently expand into more cortical layers
as AD advances. Surprisingly, our longitudinal evaluation yielded an unexpected
finding: rather than following a strict monotonic accumulation, 2.5-years
changes in WMH are remarkably heterogeneous in DS. Specifically, in
symptomatic stages, we observed a paradoxical shrinkage of WMH over time,
which was strongly associated with baseline lesion volume and the presence of
cerebral microbleeds. This dynamic volumetric fluctuation likely reflects distinct
underlying processes in DSAD, such as resolving neuroinflammation or

progressive tissue degeneration.
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Finally, Study 4 presented the first integrated evaluation of the PSMD across both
DSAD and sAD. We demonstrated that diffuse WM injury occurs up to 15 prior
to symptom onset in DS. The strong correlations between PSMD, fluid
biomarkers of neurodegeneration, and SVD imaging markers confirmed that
early WM damage represents a mixed pathophysiology driven by both SVD- and

AD-related processes.

Taken together, these four studies highlight the utility of MRI to capture
structural and microstructural brain changes in DS before the clinical emergence
of AD. The following sections will integrate these findings into a coherent
discussion, addressing: (i) GM and WM changes as early, core features of DSAD;
(ii) the apparent lack of effect of disease-modifying factors on WM markers in
DSAD; (iii) the convergent mechanisms that drive both GM and WM injury; and
(iv) a hypothetical biomarker model that situates our MRI findings within the
broader established biomarker framework for DSAD. We conclude by outlining
the key limitations of the present work and proposing future lines of
investigation to advance the characterisation of neurodegeneration and SVD in

DS.

5.2 GREY AND WHITE MATTER CHANGES AS AN EARLY

CORE FEATURE IN DSAD

5.2.1 Medial temporal lobe atrophy

Global GM atrophy is a well-established MRI finding in the DS population,
characterized by pronounced MTL involvement and a posterior-predominant
pattern of cortical thinning.'7111 Among MTL structures, the hippocampus has
been the most extensively characterized, given its central role in memory'98 and

its early vulnerability to tau pathology.99 Hippocampal volume loss has been
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reported 5 to 10 years prior to symptom onset83 and this window has recently
been extended to nearly 18 years before clinical manifestation.200 |n this thesis,
we expand the characterization of MTL neurodegeneration beyond the
hippocampus, assessing both its anterior and posterior subregions, by
additionally examining atrophy in the ERC, PHC, and perirhinal cortex (Br35 and
Br36). Our findings demonstrate that, in DS, the loss of MTL integrity begins
before the emergence of clinical symptoms and progresses across all MTL
regions with advancing clinical stages of AD. Specifically, individuals with AD
dementia exhibited significantly lower volumes and cortical thickness across
MTL subregions compared with both prodromal and asymptomatic adults with
DS, whereas the prodromal group displayed an intermediate atrophy profile,
with significant differences from aDS observed exclusively in the posterior
hippocampus. Moreover, among all MTL subregions examined, the posterior
hippocampus showed the strongest discriminative ability between asymptomatic
and symptomatic stages, performing comparably to established CSF biomarkers
(AB42/AB40 ratio, pTaul81, and NfL). Importantly, the posterior hippocampus
was retained in multivariate predictive models incorporating both individual MTL
regions and core CSF biomarkers, underscoring its independent and
complementary diagnostic value. Collectively, these findings support the
hippocampus, and particularly its posterior region, as a highly sensitive

structural marker of early AD-related neurodegeneration in DS.

5.2.2 White matter damage

In individuals with DS, WM damage is detectable by MRI years before symptoms
onset and increase across the AD clinical continuum. By combining FLAIR-based
WMH quantification with diffusion-based PSMD, this work provides a dual-
resolution characterization of WM injury that spans from diffuse microstructural

compromise to focal macroscopic lesion formation. Taken together, these
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findings reframe WM damage not as a late consequence of neurodegeneration,
nor as an incidental vascular comorbidity, but as a core pathological hallmark of
DSAD that parallels the core AD pathologies and may both result from and

interact with them.

Both WMH burden and PSMD demonstrated robust associations with age in
adults with DS, following trajectories that markedly exceeded the age-related
changes observed in euploid controls. WM injury expanded from the late 30s
through the mid-40s, with PSMD abnormalities becoming identifiable
approximately 15 years before symptom onset and WMH emerging somewhat
later, around 10 years before symptom onset. These temporal dynamics are
consistent with DS studies reporting increased WMH from the fourth decade
onward'66 and with microstructural evidence of early diffusion abnormalities in
DS adults.'18.122 Both MRI modalities further revealed a consistent, stepwise
elevation across the clinical stages of DSAD, confirming that WM injury is not
only an early event but also a progressive pathological process that escalates in

parallel with the clinical trajectory of the disease.

The temporal delay between the two markers indicates that diffusion-based
metrics and macroscopic lesion quantification may not capture identical aspects
of WM pathology, and that PSMD is sensitive to an earlier phase of injury.
Consistent with this interpretation, adults with DS exhibiting abnormal PSMD
values together with low WMH burden were substantially more frequent than
those showing the opposite pattern. This dissociation indicates that a greater
proportion of adults with DS harbor diffuse WM microstructural compromise that
has not yet manifested into the focal, macroscopically visible lesions detected
on FLAIR. Such a sequence is in line with evidence from the general population,
where diffusion abnormalities in the normal-appearing WM precede and predict

the subsequent emergence of WMH,201-203 representing a "penumbral” tissue at
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high risk of converting into overt hyperintensities over time.204205 The
asymmetry observed in DS thus strongly supports a pathogenic model in which
diffuse microstructural WM damage precedes the emergence of macroscopic
focal lesions, 206 and positions PSMD as a biomarker capable of capturing a pre-
lesional, and potentially reversible, stage of WM injury. A complementary
explanation for this temporal asymmetry relates to the intrinsic nature of each
metric. PSMD is a global, whole-brain summary of WM microstructural integrity
derived from the histogram of skeletonized MD. In contrast, WMH quantification
inherently preserves spatial information, which is obscured when reduced to a
single global volume, potentially diluting early, regionally restricted changes.
The two markers should therefore be regarded as complementary: PSMD offers
superior sensitivity to early, diffuse microstructural injury, whereas regional
WMH mapping provides spatial signatures informative of the underlying

pathophysiology.

Overall, situating these findings within the broader landscape of SVD in DS
further reinforces the notion of WM injury as an early core feature. A recent
chronological model of SVD lesion emergence in DS proposed a sequential
pattern starting in the early 30s with ePVS, followed by WMH, cerebral MB, and
ultimately infarcts.'66 The results from this thesis extend this framework by
positioning diffusion-based microstructural injury as an even earlier event in the
cascade, one that precedes the appearance of macroscopically visible SVD
lesions and may constitute the earliest detectable signature of cerebrovascular

compromise in DSAD.

5.3 DISEASE MODIFIERS OF WHITE MATTER INJURY IN DS

A consistent finding across the studies comprising this thesis is the limited

influence of two traditional disease modifiers, sex and APOE €4 genotype, on
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WM injury in DS. Neither WMH burden nor PSMD was significantly affected by
these factors. These results align with a growing body of evidence in DS
reporting subtle effects of sex and APOE €4 across AD-related biomarkers, and
stand in sharp contrast to the well-established modifying roles of these factors

in sAD.

5.3.1 The absence of a sex effect

In the general population, female sex is associated with a higher lifetime risk of
AD and with distinct biomarker trajectories, including more rapid tau
accumulation and hippocampal atrophy in symptomatic stages.207.208 Women
also show greater WMH accumulation in older age than men,209.210 together with
lower WM integrity and accelerated microstructural decline on classical DTI
metrics.211.212 Interestingly, PSMD follows the opposite pattern with lower values
in women than in men,213 a finding we also report in Study 4. This suggest PSMD
may reflect partially distinct aspects of WM pathology compared with

conventional DTI metrics.

Several mechanisms have been proposed to account for these disparities.214
First, hormonal mechanisms, particularly the rapid decline in estrogen during
menopause that may increase female vulnerability by impairing cerebral
metabolism, promoting amyloid-f  deposition, and  exacerbating
neuroinflammation.2'5 Estrogen loss may also compromise endothelial function
and blood-brain barrier integrity,2'6 thereby promoting greater WM damage
through perivascular leakage, neuroinflammation, and impaired clearance of
interstitial solutes. Second, sex-specific differences in immune reactivity,
including microglial activation and cytokine signaling, may modulate the
trajectory of AD pathology and WM injury.217 Third, men and women differ in the

manifestation of cerebrovascular and cardiovascular pathologies,207 with men

117



showing a higher prevalence of ischemic events such as myocardial infarction
and stroke, while women more frequently developing hypertension and atrial
fibrillation in later life,214 exposures that differentially shape the topography and
severity of WM injury. Finally, gender-related factors, encompassing differential
lifetime exposure to education, occupational complexity, physical activity,
smoking and alcohol use, traumatic brain injury, and chronic psychosocial
stress, may interact with biological sex to further modulate both cerebrovascular

burden and AD risk.214

In DS, neither WMH nor PSMD trajectories revealed significant sex-related
differences. This parallels growing evidence that sex exerts a subtle or null effect
on AD biomarker profiles and clinical trajectories in DS,2'8 and extends to the
wider spectrum of cerebral SVD showing no effect in DS, including cortical
microinfarcts, MB, and ePVS.161.163,166,219 Several interrelated factors may underlie
this attenuation. First, the compressed pathological timeline of DSAD may leave
little temporal window for sex-based modifiers to exert a detectable influence.
Second, the intrinsic genetic load conferred by trisomy 21 may saturate the
pathological cascade and obscure potential sex effects. Third, the hormonal
landscape differs in DS, women with DS undergo early menopause, typically in
their early-to-mid 40s,220 substantially reducing the duration of estrogen-
mediated neuroprotection relative to euploid women.221 If the protective window
conferred by estrogen is truncated, the sex-based divergence in WM injury that
emerges post-menopausally in the general population may fail to develop.
Fourth, the relatively low prevalence of hypertension and dyslipidemia in
DS149.150 reduces the pool of vascular risk factors that typically interact with sex
to drive differential WM injury patterns. Finally, gender-related lifestyle
exposures are substantially attenuated and more homogeneous in DS, with

lower lifetime rates of smoking, alcohol use, and occupational diversity, and with
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leisure, employment, and physical activity patterns more strongly shaped by

caregiving environments than by individual gendered trajectories.222

This differential effect of sex on WM injury in DSAD versus sAD thus offers new
insights into the distinct pathogenic mechanisms driving in genetically
determined forms of AD, as well as into the conditions under which sex-related
biological and gender-related environmental modifiers shape the
cerebrovascular contribution to neurodegeneration. Nonetheless, the absence of
a detectable main effect of sex does not preclude more subtle interactions with
other biological modifiers. Notably, APOE €4 has been shown to interact with sex
in DS, with female €4 carriers exhibiting an earlier age at AD diagnosis than non-

carriers.218

5.3.2 The absence of an APOE €4 Effect

The APOE €4 allele is the strongest genetic risk factor for sAD46.47 and exerts a
robust influence on cerebrovascular pathology, particularly CAA.223 However, its
relationship with WM injury in the aging population and in sAD remains
controversial, with some studies suggesting a gene-dose effect on WM

damage,?224-228 whereas others reporting no significant effect.229-231

In DS, the APOE €4 allele has been associated with an earlier age at symptom
onset, earlier age at death, and modestly accelerated amyloid and tau
accumulation.62.232 |ts impacts on WM injury, however, remains far less clear.
Although higher regional WMH volumes in the temporal lobe have been reported
in APOE €4 carriers,'6! broader assessments of age-residualized WMH'66 and
longitudinal annual WMH change’67 have yielded no significant genotype-related
differences. Our findings align with this latter body of evidence, as neither WMH
volume nor PSMD differed according to APOE €4 across the DS lifespan. Several

of the mechanisms discussed above in relation to sex, particularly the
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compressed pathological timeline, the saturating effect of trisomy 21 and the
cerebrovascular profile, may limit the expression of an APOE €4 effect on WM

lesions in DS.

Importantly, while APOE €4 does not appear to drive ischemic WMH or
microstructural damage in DS, it has been consistently linked to an increased
prevalence of cerebral MB.163.166 This divergence suggests that the most robust
APOE €4 vascular phenotype is haemorrhagic rather than diffuse ischemic and

microstructural WM injury captures by WMH and PSMD.

5.4 CONVERGENCE BETWEEN WHITE MATTER AND GREY

MATTER INJURY

The results across this thesis, encompassing MTL atrophy, and WM damage,
converge on the notion that neurodegeneration and SVD in DS are not
independent processes but rather the emergent outcome of a tightly interwoven
set of mechanisms intrinsic to trisomy 21 (Figure 8). Throughout this section,
we present distinct trisomy 21-intrinsic features that likely drive the GM and WM
results observed in this thesis: (i) a broad cerebral AR amyloidosis spectrum,
manifest as both parenchymal AD pathology and vascular deposition
(CAA);51.71.152 (i) a lifelong, chronic inflammatory phenotype;233-235 (iii) the
emerging concept of an endogenous vascular component arising at least partly

independently of amyloid;236 and (iv) an accelerated brain aging trajectory237.238,

The aetiology of WM damage in DS is multifactorial and may be driven by several
overlapping mechanisms.236.239 A first contributor is the Wallerian degeneration
secondary to cortical tau pathology (Figure 8, Pathway 1 [P1]), whereby
disruption of tau-stabilized microtubules triggers axonal degeneration in tracts

projecting from affected cortical regions.240-242 Consistent with this mechanism,
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both WMH and PSMD were strongly associated with neurodegenerative markers,
such as NfL and GM loss (Study 2 and 4). A second contributor is CAA itself (P2),
which compromises microvascular integrity, inducing hypoperfusion, focal
ischemia, and microhemorrhagic events that directly injure WM tracts.'27
Supporting this interpretation, we found that individuals harboring MB, a
neuroradiological hallmark of CAA, presented with greater WM damage (Study

4).

The spatial topography of WMH offers additional insight into their aetiology. In
DS, WMH predominate in the corona radiata (particularly its posterior portion),
the posterior radiations, and the splenium, a distribution that closely mirrors the
posterior-dominant pattern characteristic of sAD243 and of CAA.244 Although
recent diagnostic criteria for CAA highlight a multispot WMH pattern,245 this
specific punctate presentation is rarely observed upon visual inspection in
individuals with DS. Instead, WMH in the DS brain tend to emerge as confluent,
diffuse lesions that extend outward toward the cortex as the disease progresses.
This topographical overlap with both sAD and CAA suggests that WM lesions in
DS may be driven by the broader cerebral AR amyloidosis spectrum rather than

by any single pathological entity (P3).

These amyloid pathologies may themselves amplify WM injury by promoting
neuroinflammatory responses.246 Parenchymal AP deposition can exacerbate
microglial and astrocytic activation (P4), while vascular AB accumulation
compromises small-vessel endothelium, damages the blood-brain barrier, and
further triggers neuroinflammation247 (P5). In some cases, brain-blood barrier
disruption increases permeability, allowing extravasation of interstitial fluid with
vasogenic oedema; a mechanism consistent with CAA-related inflammation
(CAA-ri).248 Although this clinical manifestation is rarely observed in DS, cases

have been reported, including in our cohort.249,250
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Superimposed on this secondary inflammatory response, individuals with DS
exhibit a unique inflammatory phenotype characterized by lifelong chronic
inflammation.233-235 This phenotype arises from the triplication of chromosome
21, which harbors several immune- and neuroinflammation-related genes,
including interferon receptors, which drives enhanced interferon signaling and
dysregulated immune cell function.251.252 Consistent with this genetic
predisposition, proteomic studies have demonstrated elevated pro- and anti-
inflammatory cytokines in both plasma and brain tissue across the lifespan in
DS.234,246 In parallel, associated microglial activation reaches a dramatic peak in
early adulthood?246 and likely interacts with AD and CAA pathologies (P6) to
exacerbate the downstream WM damage (P7). Although the exact inflammatory
source remains undetermined, inflammatory fluid biomarkers (GFAP and YKL-
40) correlated strongly with both WMH and PSMD (Study 2 and 4), supporting a
neuroinflammatory contribution to WM injury in DS. The longitudinal shrinkage
of WMH (Study 3) further suggests that these lesions do not solely reflect
permanent axonal or myelin damage, but may also represent a dynamic

component of oedema and reversible neuroinflammatory resolution.

Some authors have also proposed that WM damage in DS reflects an endogenous
vascular component intrinsic to trisomy 21 that drives endothelial inflammation
(P8), weakens vessel walls in an amyloid-independent manner, and may
contribute to downstream tau abnormalities’64.165.236 (P9). Consistent with this
view, adults with DS exhibit reduced brain perfusion, prominent in posterior
regions, from early ages and already in asymptomatic stages2>53 Such vascular
injury can, in turn, contribute to tau pathology254 and further disrupt the cortical

networks.127.255

The interplay between neuroinflammation and AD pathology may also help

explain the biphasic trajectory of cortical thickness and volume in the MTL.
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Specifically, in the ERC and PHC, we observed an initial increase in cortical
thickness at approximately —20 to —15 estimated years to onset (Study 1). At
this age, roughly 30 years old, individuals with DS can already present with AB
pathology, oxidative damage, and neuroinflammation in these regions?1.83 (P10),
suggesting that early inflammatory swelling and glial activation may transiently
inflate cortical measurements before being overtaken by neurodegenerative
thinning.256 In addition, the chronic inflammatory state characteristic of DS may
further contribute to this apparent thickening (P11). This temporal pattern
mirrors the initial cortical thickening previously reported in the preclinical stages

of ADAD?257.258 and sAD.259-261

Following this early phase, MTL volume and thickness decline progressively with
advancing AD clinical stages (P12), beginning years before to symptom onset.
Our fluid biomarker analyses showed CSF pTaul81 correlated more tightly with
MTL atrophy than the AB42/AB40 ratio, aligning with the broader consensus
that tau is the proximate driver of neurodegeneration.43.44 Moreover, the
sequential progression of MTL atrophy, beginning in the ERC before propagating
to the hippocampus, closely mirrors the well-established Braak staging of tau

deposition in sAD.71.88,199

Finally, beyond these core mechanisms, DS is also associated with accelerated
brain aging, likely driven by the trisomy 21 specificities. For instance, SOD]J
overexpression induces chronic oxidative stress,60 while DYRKIA triplication
impairs neurogenesis and synaptogenesis.5’8 This superimposed accelerated
aging may interact with the other pathological processes (P13), collectively
predisposing the DS brain to premature structural decay.237.238 In line with this
view, every neuroimaging marker assessed throughout this thesis, spanning
both GM (P14) and WM (P15), was tightly associated with age and showed greater

changes at earlier ages than in euploid controls, with PSMD alterations appearing
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up to 15 years before dementia onset and the non-linear MTL volumetric

trajectories characteristic of DSAD.
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Figure 8. Schematic representation of the proposed pathways linking trisomy 21 -intrinsic
features to downstream brain injury in DS. Four interrelated mechanisms: chronic
neuroinflammation, accelerated aging, cerebral amyloidosis (AD and CAA), and endogenous
vascular vulnerability, converge onto two common downstream manifestations: WM changes,
captured by WMH and PSMD, and GM changes, reflected by MTL structures (thickness and
volume). Pathways. Pi1) Wallerian degeneration secondary to cortical tau, P2) CAA-driven
hypoperfusion; P3)cerebral amyloidosis; P4-P5) parenchymal and vascular AB-driven
neuroinflammation, P6) interaction between trisomy 21-intrinsic chronic inflammation and
AD/CAA pathology,; P7) chronic neuroinflammation-driven WM damage,; P8) endogenous
vascular dysfunction-driven hypoperfusion; P9) vascular contribution to tau pathology through
WM tract disruption,; P10) early AD- and inflammation-driven cortical thickening, PI1) chronic
neuroinflammation-driven cortical thickening, P12) AD-driven MTL atrophy,; Pl3) accelerated
aging interacting with the other pathological processes,; P14, P15) age-driven GM and WM
changes.

5.5 INTEGRATED MODEL IN DOWN SYNDROME-

ASSOCIATED ALZHEIMER’S DISEASE

The integration of findings across the four studies of this thesis enables, for the
first time, the construction of a putative temporal model describing the
emergence of WM and GM imaging biomarkers in the DSAD, anchored to the
chronological age and EYO (Figure 9). Positioning these imaging biomarkers

alongside the established fluid and molecular trajectory of DSAD situates them
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within a biologically window that mirrors the known biomarker cascade of the
disease. CSF AB42/40 becomes abnormal around the age of 30 (EYO =~ —23 to
-26), followed by plasma NfL and GFAP elevations in the early-to-mid 30s,
amyloid PET positivity in the mid-to-late 30s, and CSF pTaul81 abnormality
around age 38-40 (EYO =~ —13 to —15), with tau PET positivity closer to symptom
onset.63,83,87,90 This biomarker cascade converges on a stereotyped clinical
trajectory, with prodromal AD emerging at a median age of 50-51 years,
progression to AD dementia between 53 and 55 years, and death occurring

between 57 and 60 years.51.67,262

Within this framework, the imaging biomarkers characterised in this thesis
define a two- stage trajectory. At the asymptomatic stage, abnormalities in PSMD
emerge concurrently with, or shortly before, the rise in CSF pTau181, positioning
diffuse microstructural WM injury temporally between amyloid and tau
pathology. This early microstructural compromise co-occurs with the earliest
changes in the MTL, with atrophy in ERC and posterior hippocampus, suggesting
a shared preclinical window in which diffuse WM degeneration and incipient MTL
neurodegeneration unfold in parallel. Subsequently, WMH appear in closer
temporal proximity to the onset of memory and executive deficits. This later,
macrostructural phase of WM injury is temporally coupled with the extension of
MTL atrophy into the PHC and Br36, jointly defining an advanced disease stage
that precedes, and likely contributes to, the clinical emergence of prodromal AD
and dementia. Taken together, this integrative model supports the view that SVD
and neurodegeneration in DSAD are temporally convergent processes, in which
diffuse microstructural damage precedes macroscopic vascular lesions and
parallels the progression of established fluid and molecular biomarkers towards

clinical onset. This framework should nonetheless be regarded as hypothesis-

125



generating rather than confirmatory, and its temporal ordering remain to be

validated in longitudinal multimodal cohorts spanning the full DSAD continuum.

AB CSF
AB PET
Tau CSF

" Plasma NfL|

WMH & MTL (PHC, Br36)

Individuals affected (%)

‘PSMD & MTL (ERC, pHip)

Plasma GFAP

AGE O 30 40 50 60

EYO -20 -10 0

Figure 9. Hypothetical integrative model in DSAD. Two-phase trajectory with an early preclinical
phase dominated by diffuse microstructural WM damage (PSMD) and emerging MTL atrophy
(ERC, posterior hippocampus [pHip]), followed by a later phase characterized by macrostructural
WM lesions (WMH), extended MTL atrophy (PHC, Br36), and the subsequent clinical emergence of
dementia. Adapted from Fortea et al. (2021]).

5.6 TRANSLATIONAL IMPACT

5.6.1 Research implications

Our findings reinforce the need to prioritize research in DS, a historically
underrepresented population in AD research, which, as a genetically determined
form of early-onset AD largely free of classical vascular risk factors, offers a
unique window into the intrinsic interplay between amyloid pathology,
cerebrovascular disease, and neurodegeneration, with implications that extend

well beyond DS to our understanding of AD more broadly.

Within this framework, this thesis provides a fundamental conceptual implication
for how WM injury is understood within the AD continuum in DS. Rather than
representing a late-stage consequence of neurodegeneration or an incidental
vascular comorbidity of aging, WM damage emerges as a core and early

pathological feature of DSAD, evolving in parallel with, and likely interacting
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with, AB and tau pathologies across the disease trajectory. This evidence
challenges the dichotomy between "pure neurodegenerative” and "pure vascular”
contributions in DS, and instead supports a multifactorial pathophysiological
framework in  which parenchymal and vascular AP deposition,
neuroinflammation, blood-brain barrier dysfunction, and WM injury converge to
shape the clinical expression of DSAD. Reframing WM damage as an intrinsic
component of AD has direct consequences for diagnostic criteria, staging
models, biomarker selection, and the design of future therapeutic strategies in

this genetically determined form of AD.

5.6.2 Clinical implications

The findings of this thesis also challenge the prevailing clinical interpretation of
WMH and call for a reconceptualization of SVD in DS. In the general aging
population, WMH are commonly considered incidental vascular lesions
secondary to aging and cardiovascular risk factors, most notably arterial
hypertension, and blood pressure control constitute a preventive strategies
against WMH progression.263 However, adults with DS exhibit a strikingly low
prevalence of these classical vascular risk factors,’#9 yet display an early
emergence of WMH that closely parallels the AD continuum. Although the exact
underlying aetiology remains to be fully established, our results indicate that
WMH in DS should not be dismissed as age-related or incidental findings, but
rather interpreted as potential markers of underlying CAA or AD-related
pathophysiology, as well as other T21-intrinsic features. Consequently,
conventional antihypertensive strategies are unlikely to meaningfully reduce or
slow WMH progression in this population, and alternative, disease-specific

preventive approaches will be required.
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Beyond this reconceptualization, this thesis offers practical relevance for the
early detection of AD in DS. Diagnosing prodromal AD and AD dementia in this
population remains a major clinical challenge, as the premorbid ID and
coexisting medical comorbidities obscure subtle cognitive decline and delay
symptomatic recognition.5' Our data support a two-stage MRI-based framework
to assist clinical staging. In the first stage, atrophy restricted to the
hippocampus, particularly its posterior region, and ERC, combined with the early
alterations in PSMD, may raise suspicion of underlying AD pathology even in
asymptomatic individuals, thereby opening a primary therapeutic window for
disease-modifying therapies. In the second stage, the involvement of additional
MTL subregions, such as the PHC and Br35, coincides with the transition to the
symptomatic phase and represents a secondary therapeutic window. Integrated
with fluid biomarkers and clinical assessment, these MRI-derived markers can
enhance the prediction of AD clinical status and refine individualized staging in

adults with DS.

5.6.3 Implication for design of clinical trials

The advent of anti-amyloid monoclonal antibodies, together with the
development of novel disease-modifying agents, has profoundly transformed
the therapeutic landscape of AD. Adults with DSAD, however, have been
systematically excluded from pivotal clinical trials of anti-amyloid therapies,
largely due to concerns about a heightened risk of amyloid-related imaging
abnormalities (ARIA). ARIA is a well-recognized side effect of these treatments
and may plausibly be exacerbated in DS by the earlier onset, higher prevalence,
and greater severity of CAA.264 Whether this theoretical risk translates into a
higher incidence of ARIA in DSAD remains unknown and should be prioritized in
future studies. In this context, our results have some implications for the design

and interpretation of clinical trials in DSAD.
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First, current eligibility criteria for anti-amyloid therapies often exclude
participants based on SVD burden. Although specific thresholds vary by drug,
these criteria generally consider the number of MB, the presence of
macrohemorrhages or superficial siderosis, and the extent of WMH. When
applied unmodified to DSAD, such thresholds would exclude a substantial
proportion of otherwise eligible individuals, given the early onset and high
burden of SVD-related lesions in this population.161-163,166 |mportantly, as
discussed in this thesis, WMH in DSAD arise from multiple, partially overlapping
mechanisms and cannot be interpreted solely as a marker of SVD. Therefore,
their presence cannot be assumed to uniformly reflect susceptibility to ARIA, and
their use as an exclusion criterion may risk denying access to potentially
beneficial therapies based on a non-specific SVD imaging marker. Of note, the
high inter-individual variability and limited predictability of WMH trajectories
further constrain their utility as both exclusion criteria and outcome measures
in therapeutic trials. A single cross-sectional assessment of elevated WMH
burden should not preclude enrolment; rather, reassessment at subsequent
visits and integration with complementary biomarkers should be considered
before a definitive eligibility decision is made. Similarly, once treatment is
initiated, longitudinal changes in WMH volume should be interpreted cautiously
and always contextualized with complementary clinical, imaging, and fluid
biomarkers, since their unpredictable evolution limits their value. Second, the
high prevalence of CAA in DSAD'12,152 underscores the need for sensitive tools
to monitor vascular safety during treatment. PSMD may complement
conventional MRI-based monitoring of ARIA. As a sensitive vascular safety
readout, it may help track treatment-related WM alterations, and contribute to
the identification of individuals at elevated risk of ARIA. Finally, the early and

progressive involvement of MTL subregions, and the sensitivity of PSMD to
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detect preclinical structural alterations, positions these metrics as promising
candidate outcome measures for trials aiming to slow neurodegeneration in
DSAD. Although longitudinal validation remains necessary, our findings support

their potential as biomarkers of early neurodegenerative change.

5.7 LIMITATIONS

It is important to acknowledge the main limitations of this thesis. First, the
cross—sectional design of several analyses precludes the establishment of
definitive temporal sequences and causal relationships, particularly regarding
the interplay between AD pathology, SVD markers (WMH and PSMD),
neurodegeneration, and neuroinflammation. While the near-full penetrance and
predictable trajectory of AD pathology in the DS population partially mitigates
the inherent caveats of cross-sectional observations, longitudinal studies are
required to confirm the regional progressive pattern of volume and thickness
loss over time, and the temporal sequence between WMH and PSMD. Moreover,
our longitudinal analyses for WMH were largely restricted to two MRI timepoints
per participant, limiting our ability to model non-linear rates of disease
progression or to capture individual-level inflection points. Future studies
employing mixed-effects models across longer observation windows and
multiple timepoints will be critical to resolve temporal ordering and person-

specific and non-linear trajectories.

Second, cohort composition and real-world recruitment constraints introduced
inherent limitations. Despite being one of the largest worldwide cohort of adults
with DS, our sample sizes were relatively modest and imbalanced across clinical
stages, with a relative under-representation of symptomatic DS individuals,
spanning both prodromal and dementia stages. This reflects the practical

difficulties of MRI tolerability in moderate-to-severe dementia and likely
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introduces a survivor bias, whereby individuals with the highest SVD or AD
burden are systematically underrepresented. Furthermore, demographic
characteristics constrained certain subanalyses; for instance, the low proportion
of APOE €4 homozygotes precluded the stratification necessary to evaluate
gene-dosage effects on neuroimaging markers, and the assessment of sex and

APOE interaction.

Third, all neuroimaging pipelines and templates applied in this thesis were
originally developed for the euploid population and were not specifically
optimized for individuals with DS. Although thorough visual control confirmed
that segmentation of MTL structures and WMH were correctly performed, with
no apparent impact of DS-specific brain anatomy, a reduced sensitivity or
potential regional bias cannot be excluded, particularly in small or anatomically

complex structures.

Fourth, the absence of neuropathological confirmation limits the biological
specificity of MRI-derived findings. While the imaging patterns observed are
consistent with established mechanisms related to trisomy 21, such as amyloid
overproduction, vascular dysfunction, and neuroinflammation, MRI metrics
remain indirect proxies of underlying tissue changes. Without post-mortem
validation, the precise substrates of the imaging signatures cannot be
definitively determined, and causal inferences regarding the relative

contribution of distinct pathological processes remain inherently speculative.

Finally, multicollinearity among fluid biomarkers complicates the interpretation
of their associations with MRI-derived measures. The biomarkers examined in
this thesis, AB42/AB40, pTaul81, NfL, GFAP and YKL-40, are biologically
interrelated and reflect overlapping pathological domains, including amyloid

deposition, tau pathology, neurodegeneration, and neuroinflammation.
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5.8 FUTURE DIRECTIONS

The findings presented in this thesis open several new perspectives for

advancing the characterization of neurodegeneration and SVD in DSAD.

The convergence between WM damage and GM atrophy documented throughout
this thesis deserves dedicated mechanistic investigation. To disentangle the
complex interplay between amyloid, tau, neuroinflammation, SVD markers, and
neurodegeneration, future studies should leverage formal mediation analyses
within structural equation modeling frameworks applied to cohorts with
longitudinal multimodal data, combining MRI, PET, CSF, plasma and cognitive
assessments. These statistical approaches will allow the testing of competing
causal hypotheses, including whether AB and/or tau mediate the emergence of
WM damage, or whether, conversely, WM injury triggers subsequent
neurodegenerative cascades. Complementing these cross-sectional causal
models, longitudinal designs incorporating repeated assessments of PSMD and
WMH across multiple timepoints will be essential to definitively confirm the
temporal precedence of diffusion-based WM metrics over conventional FLAIR-
derived WMH volumetry, and to consolidate PSMD as a sensitive early marker in

DSAD.

The hypothesized role of neuroinflammation as a shared mechanism linking
vascular and neurodegenerative pathology in DS also remains to be tested.
Future studies incorporating microglial and astrocytic inflammatory PET tracers
alongside multimodal MRI will be critical to map the spatial overlap between
neuroinflammation, WM damage, and regions of cortical atrophy. Establishing
whether neuroinflammation co-localizes with, precedes, or follows structural
damage will clarify its mechanistic position within the DSAD cascade and may,

in turn, reveal novel therapeutic for disease-modifying intervention.
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Finally, a comprehensive comparison between the different genetically
determined and sporadic forms of AD, encompassing ADAD, DSAD and early-
and late-onset sAD, represents a particularly promising opportunity for
elucidating the core pathophysiological mechanisms of the disease. These forms
differ substantially in its genetic determinants, age of onset, vascular risk
profile, and contribution of co-occurring pathologies. Integrating structural MRI,
diffusion metrics, amyloid and tau PET, neuroinflammatory imaging, and fluid
biomarkers will enable the delineation of which features constitute the invariant
core of AD pathophysiology, and which are modulated by aetiology-specific

factors.
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6. CONCLUSIONS




The main conclusions of this thesis are:

1.

MTL volume and thickness in DS follow a sequential, non-linear pattern
of atrophy across EYO, with greater decline at advancing AD clinical
stages. The ERC and posterior hippocampus are the earliest regions to
decline, followed by the PHC cortex and Br36 at later ages, highlighting

MTL as a potential staging biomarker.

. WMH in adults with DS exhibit a predominantly posterior and

periventricular distribution that increases with age and across AD clinical
stages. Their associations with fluid biomarkers of AD pathology,
neurodegeneration, and neuroinflammation suggest that the emergence
of WMH in DSAD reflects the convergent contribution of multiple

pathophysiological processes.

. Longitudinal WMH trajectories are heterogeneous in DS, with a significant

group-level decrease over time that is more pronounced at symptomatic
stages. These reductions may reflect distinct underlying processes, such
as progressive tissue degeneration or resolving neuroinflammation.

PSMD increases with age and AD severity in DS, with detectable alterations
years before symptom onset. PSMD is strongly associated with NfL and
SVD markers, and PSMD abnormalities were more frequent than WMH,

positioning PSMD as a sensitive, early biomarker of WM injury in DSAD.
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S.2 Automatic Segmentation of Hippocampal Subfields

Supplementary Figure 1. Example of Automatic Segmentation of Hippocampal Subfields.
Coronal slices of T1w images of (A) 33-year-old HC female and APOE &4 non-carrier, (B) 32-year-old
DS male, asymptomatic and APOE &4 non-carrier, (C) 50-year-old DS male, prodromal AD and APOEe4
non-carrier, and (D) 57-year-old DS male with AD dementia and APOE &4 carrier. Colours correspond to
the different regions of the medial temporal lobe: dark blue: Anterior Hippocampus, nude: Posterior
Hippocampus, yellow: Parahippocampal Cortex, light blue: Entorhinal Cortex, red: Brodmann Area 35,

and green: Brodmann Area 36.

S.3 Sample size per genetic and CSF biomarker

Supplementary Table 2: Sample size across Alzheimer’s disease clinical diagnosis.

HC aDS pDS dDS

N=138 N=149 N=41 N=69
APOE haplotype 137 143 39 69
CAMCOG-DS 0 119 31 49

CSF biomarkers

APB42/AB40 89 78 31 45
pTaul81 89 78 31 45
NfL 96 76 29 39

Abbreviations: APOE: apolipoprotein E; CAMCOG-DS: Cambridge Cognitive Examination for Older
Adults with Down Syndrome; DS: Down syndrome; aDS: asymptomatic DS; pDS: prodromal DS; dDS:
DS with Alzheimer’s dementia; HC: Healthy/Euploid Controls; AB42/AB40: concentration ratio between
Amyloid B peptide 1-42 and Amyloid B peptide 1-40 (pg/mL); pTaul81: Tau phosphorylated at threonine
181 concentration (pg/mL); NfL: Neurofilament Light chain concentration (pg/mL).
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S.4 Medial Temporal Lobe volume/thickness along the Alzheimer’s disease clinical

continuum
S.4.1 Regional differences

Supplementary Table 3: Regional differences of medial temporal lobe regions across the

Alzheimer’s disease continuum.

ROI Comparison Statistical estimate p-value | Effect Size
Anterior Hippocampus (vol) Global F(3,393) =79.741 <0.001°

Anterior Hippocampus (vol) HC vs aDS -0.866 [-1.160; -0.572] | <0.001° | 0.919
Anterior Hippocampus (vol) HC vs pDS -1.312[-1.755; -0.869] <0.001° | 1.269
Anterior Hippocampus (vol) HC vs dDS -2.138 [-2.505; -1.771] | <0.001° | 2.131
Anterior Hippocampus (vol) aDS vs pDS -0.446 [-0.885; -0.007] | 0.045° 0.456
Anterior Hippocampus (vol) aDS vs dDS -1.271 [-1.634; -0.909] | <0.001° | 1.345
Anterior Hippocampus (vol) pDS vs dDS -0.826 [-1.317;-0.335] | <0.001° | 0.796
Posterior Hippocampus (vol) | Global F(3,393) = 146.162 <0.001?

Posterior Hippocampus (vol) | HC vs aDS -0.972 [-1.284; -0.66] <0.001° | 0.99
Posterior Hippocampus (vol) | HC vs pDS -2.209 [-2.679; -1.74] <0.001° | 1.977
Posterior Hippocampus (vol) | HC vs dDS -2.961 [-3.35; -2.572] <0.001° | 2.87
Posterior Hippocampus (vol) | aDS vs pDS -1.237[-1.702; -0.772] | <0.001® | 1.123
Posterior Hippocampus (vol) | aDS vs dDS -1.989 [-2.373; -1.605] | <0.001° | 1.961
Posterior Hippocampus (vol) | pDS vs dDS -0.752 [-1.272; -0.231] | 0.001° 0.656
ERC (thick) Global F(3,393) =16.024 <0.001?

ERC (thick) HC vs aDS 0.871 [0.449; 1.292] <0.001 -0.681
ERC (thick) HC vs pDS 0.589 [-0.045; 1.224] 0.08° -0.465
ERC (thick) HC vs dDS -0.336 [-0.863; 0.19] 0.352° 0.244
ERC (thick) aDS vs pDS -0.281[-0.911; 0.348] | 0.657° 0.188
ERC (thick) aDS vs dDS -1.207 [-1.727; -0.687] | <0.001° | 0.758
ERC (thick) pDS vs dDS -0.926 [-1.63; -0.222] 0.004° 0.585
ERC (vol) Global F(3,393) =22.157 <0.001?

ERC (vol) HC vs aDS 0.65310.277; 1.03] <0.001° | -0.576
ERC (vol) HC vs pDS 0.249 [-0.318; 0.816] 0.669° -0.208
ERC (vol) HC vs dDS -0.785 [-1.255; -0.315] | <0.001° | 0.612
ERC (vol) aDS vs pDS -0.404 [-0.966; 0.158] | 0.249° 0.309
ERC (vol) aDS vs dDS -1.438 [-1.902; -0.974] | <0.001® | 1.035
ERC (vol) pDS vs dDS -1.034 [-1.662; -0.405] | <0.001° | 0.717
PHC (thick) Global F(3,393) = 48.565 <0.001*

PHC (thick) HC vs aDS 1.558[1.21; 1.905] <0.001° | 0.615
PHC (thick) HC vs pDS 1.398 [0.875; 1.921] <0.001° | 0.458
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PHC (thick) HC vs dDS 0.656 [0.223; 1.09] <0.001° | 0.264
PHC (thick) aDS vs pDS -0.16 [-0.678; 0.359] 0.857° -0.058
PHC (thick) aDS vs dDS -0.901 [-1.33; -0.473] <0.001° | -0.311
PHC (thick) pDS vs dDS -0.742 [-1.321; -0.162] | 0.006° -0.255
PHC (vol) Global F(3,393) = 72.857 <0.00°1?

PHC (vol) HC vs aDS 2.154[1.767;2.54] <0.001° | -1.851
PHC (vol) HC vs pDS 1.713 [1.131; 2.294] <0.001° | -1.49
PHC (vol) HC vs dDS 0.869 [0.387; 1.351] <0.001° | -0.65
PHC (vol) aDS vs pDS -0.441[-1.017; -0.136] | 0.2° 0.341
PHC (vol) aDS vs dDS -1.284 [-1.76; -0.808] <0.001° | 0.877
PHC (vol) pDS vs dDS -0.843 [-1.488; -0.199] | 0.005° 0.58
Br35 (thick) Global F(3,393) =22.404 <0.001?

Br35 (thick) HC vs aDS 0.963 [0.564; 1.361] <0.001° | -0.889
Br35 (thick) HC vs pDS 0.6 [0.001; 1.2] 0.049° -0.439
Br35 (thick) HC vs dDS -0.405 [-0.903; 0.092] 0.153° 0.276
Br35 (thick) aDS vs pDS -0.362 [-0.957; 0.232] 0.396° 0.253
Br35 (thick) aDS vs dDS -1.368 [-1.859; -0.877] | <0.001° | 0.896
Br35 (thick) pDS vs dDS -1.005 [-1.671; -0.341] | <0.001° | 0-578
Br35 (vol) Global F(3,393) =22.284 <0.001%

Br35 (vol) HC vs aDS 0.988 [0.601; 1.375] <0.001° | -0.835
Br35 (vol) HC vs pDS 0.672 [0.089; 1.255] 0.017° -0.517
Br35 (vol) HC vs dDS -0.273 [-0.756; 0.210] 0.465° 0.223
Br35 (vol) aDS vs pDS -0.317 [-0.895; 0.261] 0.492° 0.219
Br35 (vol) aDS vs dDS -1.261 [-1.738; -0.784] | <0.001° | 0.916
Br35 (vol) pDS vs dDS -0.944 [-1.591; -0.298] | 0.001° 0.64
Br36 (thick) Global F(3,393) =22.284 <0.001*

Br36 (thick) HC vs aDS 0.086 [-0.278; 0.45] 0.929° -0.089
Br36 (thick) HC vs pDS -0.289 [-0.838; 0.259] 0.525° 0.244
Br36 (thick) HC vs dDS -1.497 [-1.952; -1.042] | <0.001° | 1.028
Br36 (thick) aDS vs pDS -0.375[-0.919; 0.168] 0.284° 0.323
Br36 (thick) aDS vs dDS -1.583 [-2.032; -1.133] | <0.001° | 1.101
Br36 (thick) pDS vs dDS -1.208 [-1.816; -0.599] | <0.001° | 0.759
Br36 (vol) Global F(3,393) =41.907 <0.001%

Br36 (vol) HC vs aDS -0.627 [-0.968; -0.287] | <0.001° | 0.609
Br36 (vol) HC vs pDS -1.174 [-1.687; -0.661] | <0.001° | 1.022
Br36 (vol) HC vs dDS -1.778 [-2.203; -1.352] | <0.001° | 1.5
Br36 (vol) aDS vs pDS -0.546 [-1.055; -0.038] | 0.03° 0.465
Br36 (vol) aDS vs dDS -1.150 [-1.571; -0.730] | <0.001° | 0.95
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Br36 (vol) pDS vs dDS -0.604 [-1.173; -0.035] | 0.033° 0.46
a: Global comparisons were assessed using ANOVA tests followed by b: Tuckey HSD as post hoc analyses.
Abbreviations: DS: Down syndrome; aDS: asymptomatic DS; pDS: prodromal DS; dDS: DS with

Alzheimer’s dementia; HC: Healthy/Euploid Controls; Br35: Brodmann Area 35; Br36: Brodmann Area
36; ERC: Entorhinal Cortex; PHC: Parahippocampal Cortex; vol: volume; thick: thickness.
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Supplementary Figure 2: Regional volume of medial temporal lobe structures across the

Alzheimer’s disease continuum.

Boxplots represent the effect of clinical groups on the W-score (age-, sex- and T1V-adjusted volume) of the
anterior (A) and posterior (B) hippocampus, ERC (C), PHC (D), Br35 (E), and Br36 (F). For each boxplot,
the box represents the interquartile range, the band represents the median value, and the dots represent
individual values. Significance is set at p<0.05 using the Bonferroni correction. Abbreviations: ns: no
significance; *: p<0.05; **: p<0.01; ***: p<0.001; DS: Down syndrome; aDS: asymptomatic DS; pDS:
prodromal DS; dDS: DS with Alzheimer’s dementia; HC: Healthy/Euploid Controls; Br35: Brodmann Area
35; Br36: Brodmann Area 36; ERC: Entorhinal Cortex; PHC: Parahippocampal Cortex.
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S.5 Medial Temporal Lobe volume changes with EYO
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Supplementary Figure 3: Regional volume of medial temporal lobe structures along the
estimated age of onset in individuals with Down syndrome.

Line plots represent the relationship between W-scores (age-, sex- and T1V-adjusted volume) of the anterior
(A) and posterior (B) hippocampus, ERC (C), PHC (D), Br35 (E), and Br36 (F) against the estimated age
of onset (EYO: 53.8 years) of Alzheimer’s disease in Down Syndrome. Lines computed using estimated
scatterplot smoothing (LOESS) curves. Shaded areas represent the 95% confidence interval. Points
represent linear model inflection values, computed against EY Q. Colour indicates each region of the medial
temporal lobe. Abbreviations: EYO: estimated years of onset; DS: Down syndrome; aDS: asymptomatic
DS; pDS: prodromal DS; dDS: DS with Alzheimer’s dementia; HC: Healthy/Euploid Controls; Br35:
Brodmann Area 35; Br36: Brodmann Area 36; ERC: Entorhinal Cortex; PHC: Parahippocampal Cortex.
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Supplementary Figure 4: Regional volume/cortical thickness of medial temporal lobe structures
along the estimated age of onset in individuals with Down syndrome.

Rows represent medial temporal lobe regions while columns show results for six different models applied
to analyse the relationship with the estimated age of onset (EYO: 53.8 years) of Alzheimer’s disease in
Down syndrome. Model 1: raw volume/thickness values extracted from the ASHS segmentation; Model 2:
z-scores transformation of the raw values; Model 3: W-score adjusted by sex and ICV; Model 3*: W-scores
adjusted by sex; Model 4: W-score adjusted by age, sex and ICV; Model 4*: W-score adjusted by age and
sex; Model 5: W-score adjusted by age?, age, sex and ICV; Model 5*: W-score adjusted by age?, age and
sex; Model 6: W-score adjusted by age, sex, APOEe4 status and ICV; Model 6*: W-score adjusted by age,
sex and APOEe4 status. Lines computed using estimated scatterplot smoothing (LOESS) curves. Shaded
areas represent the 95% confidence interval. Points represent linear model inflection values, computed
against EYO. Colour indicates each region of the medial temporal lobe. Abbreviations: EYO: estimated
years of onset; DS: Down syndrome; aDS: asymptomatic DS; pDS: prodromal DS; dDS: DS with
Alzheimer’s dementia; HC: Healthy/Euploid Controls; Br35: Brodmann Area 35; Br36: Brodmann Area

36; ERC: Entorhinal Cortex; PHC: Parahippocampal Cortex; ICV: total intracranial volume (mm?3).
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S.6 Relationship of regional volumes with CSF biomarkers of Alzheimer’s disease

Supplementary Table 4: Coefficients and p-values of associations between regional

volume/thickness of medial temporal lobe structures and CSF AT(N) biomarkers.

AB42/40 pTaul81 NfL
aHip (vol) p=0.34; p<0.001 p=-0.34; p<0.001 p=-0.34; p<0.001
pHip (vol) p=0.55; p<0.001 p=0.54; p<0.001 p=-0.50; p<0.001
ERC (thick) p=0.13; p=0.112 p=-0.17; p=0.034 p=-0.16; p=0.058
PHC (thick) p=-0.02; p=0.786 p=-0.04; p=0.643 p=-0.05; p=0.564
Br35 (thick) p=0.08; p=0.349 p=-0.16; p=0.054 p=-0.15; p=0.078
Br36 (thick) p=0.14; p=0.075 p=-0.15; p=0.057 p=-0.23; p=0.006

Abbreviations: aHip: Anterior Hippocampus; pHip: Posterior Hippocampus; ERC: Entorhinal Cortex;
PHC: Parahippocampal Cortex; Br35: Brodmann Area 35; Br36: Brodmann Area 36; Ap42/40:
concentration ratio between Amyloid B peptide 1-42 and Amyloid 3 peptide 1-40 (pg/mL); pTaul81: Tau
phosphorylated at threonine 181 concentration (pg/mL); NfL: Neurofilament Light chain concentration
(pg/mL); vol: volume; thick: thickness.
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Supplementary Figure 5: Associations between regional volume of medial temporal lobe
structures and CSF AT(N) biomarkers.

Correlation between volumes and each corresponding biomarker. Colour indicates each region of the
medial temporal lobe. Shaded areas represent 95% confidence interval. Abbreviations: p: Spearman
correlation coefficient; aHip: anterior hippocampus; pHip: posterior hippocampus; ERC: entorhinal cortex;

PHC: parahippocampal cortex; Br35: Brodmann area 35; Br36: Brodmann area 36; AB42/40: concentration
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ratio between Amyloid p peptide 1-42 and Amyloid B peptide 1-40 (pg/mL); pTaul81: Tau phosphorylated
at threonine 181 concentration (pg/mL); NfL: Neurofilament Light chain concentration (pg/mL). CSF

markers are log10 scaled.

S.7 Predicting clinical Alzheimer's disease staging using regional Medial Temporal
Lobe volumes/thickness

Supplementary Table 5: Performance of models for the discrimination of asymptomatic from

symptomatic individuals with Down syndrome.

Model AUC [95%]

pHip (vol) + PHC (vol) + Age + CSF pTaul81 96.35 [93.61; 99.09]
aHip (vol) 74.92 [66.57; 83.26]
pHip (vol) 86.36 [79.99; 92.74]
ERC (thick) 62.70 [53.33; 72.07]
PHC (thick) 58.90 [49.34; 68.47]
Br35 (thick) 66.53 [57.32; 75.74]
Br36 (thick) 67.36 [58.16; 76.55]
CSF Ap42/Ap40 90.41 [84.97; 95.85]
CSF pTaul81 89.88 [84.68; 95.09]
CSF NfL 88.77 [83.32; 94. 21]

Abbreviations: vol: Volumes; thick: Thickness; aHip: Anterior Hippocampus; pHip: Posterior
Hippocampus; ERC: Entorhinal Cortex; PHC: Parahippocampal Cortex; Br35: Brodmann Area 35; Br36:
Brodmann Area 36; AB42/AB40: concentration ratio between Amyloid p peptide 1-42 and Amyloid B
peptide 1-40 (pg/mL); pTaul8l: Tau phosphorylated at threonine 181 concentration (pg/mL); NfL:
Neurofilament Light chain concentration (pg/mL). CSF markers are log10 scaled.
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Supplementary Table 6: Differences between models for the discrimination of aDS from sDS.

Model 1 Model 2 Estimate (D) p-value
Model aHip (vol) 4.848 <0.001
Model pHip (vol) 2.826 0.005
Model ERC (thick) 6.720 <0.001
Model PHC (thick) 7.506 <0.001
Model! Br35 (thick) 6.146 <0.001
Model! Br36 (thick) 6.092 <0.001
Model! CSF Ap42/AB40 1.868 0.062
Model' CSF pTaul81 2.155 0.032
Model' CSF NfL 2.440 0.016

Abbreviations: vol: volumes; thick: thickness; Modell: pHip (vol) + PHC (thick) + Age + CSF pTaul8l;
aHip: Anterior Hippocampus; pHip: Posterior Hippocampus; ERC: Entorhinal Cortex; PHC:
Parahippocampal Cortex; Br35: Brodmann Area 35; Br36: Brodmann Area 36; AB42/AB40: concentration
ratio between Amyloid B peptide 1-42 and Amyloid B peptide 1-40 (pg/mL); pTaul81: Tau phosphorylated
at threonine 181 concentration (pg/mL); NfL: Neurofilament Light chain concentration (pg/mL). CSF

markers are log10 scaled.
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Characterization of White Matter Hyperintensities in Down Syndrome

S.2 White Matter parcellation

S.2.1. White Matter concentric layers

To create an individual map of the white matter (WM) concentric layers, we

followed the approach proposed by Jiménez-Balado and colleagues [1] and first

computed 2 maps in the native space of the subjects:

A map representing the distance from each WM voxel to the ventricles.
For this, we created a region of interest (ROI) of the lateral and third
ventricles using the Hammers atlas [2]. The ROI was multiplied by a mask
of cerebrospinal fluid (CSF), using the CSF segmentation from CAT12
(threshold= 0.2). Subsequently, we used the 3dmask_tool command (from
the Analysis of Functional Neurolmages (AFNI) software) to expand the
ROI incrementally by 1 mm?3 until the entire WM was covered.

The second map depicted the distance from WM each voxel to the cortex.
For this, we created a ROI of the cortex by adding the cortical ROIs from
the Hammers atlas [2]. The ROI was then multiplied by a grey matter
mask, resulting in the segmentation of CAT12 (threshold = 0.2). The
resulting ROI was expanded by 1 mm?3 increments until covering the entire
WM. This consistent expansion ensured a detailed representation of the

WM distance from both the ventricles and the cortex.

Then, to compute a normalised distance map for each voxel using the following

formula [1]:

Distance to ventricles;

(Distance to ventricles; + Distance to cortex;)



Characterization of White Matter Hyperintensities in Down Syndrome

The resulting map indicates the distance of each WM voxel to the ventricles, with

a value of “0” representing the ventricles and a value of “1” indicating the cortex.

S.2.2. White Matter by lobes

For the lobar regions, we used the anatomical Hammers atlas [2], to label the
WM according to the lobes. The corpus callosum was divided into anterior and
posterior parts, which were included in the frontal and parietal lobes, respectively.

The specific ROIs included for each ROI are as follows:

Frontal: insula, anterior cingulate gyrus, precentral gyrus, straight gyrus,
orbital gyrus, frontal gyrus, subcallosal area, pre-subgenual frontal cortex,
and anterior corpus callosum.

- Parietal: posterior cingulate gyrus, angular gyrus, postcentral gyrus,
superior parietal gyrus, supramarginal gyrus and posterior corpus
callosum.

- Temporal: hippocampus, amygdala, anterior temporal lobe,

parahippocampal and ambient gyrus, middle and inferior temporal gyrus,

fusiform gyrus, posterior temporal lobes and superior temporal gyrus
anterior part.

- Occipital: lingual gyrus, cuneus and lateral remainder occipital lobe.

S.2.3. White Matter parcellation - concentric layers for each lobe

To segment each lobe into 4 concentric layers map of similar volume, we
multiplied the normalised distance map by the binary map of the lobe. We then
divided the output into four layers, representing specific intervals along the

continuum from ventricles to cortex. The first layer comprised voxels with values
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greater than 0 and lower or equal to the 25" percentile of the resulting map; the
second layer encompassed values greater than the 25" percentile and lower or
equal to the 50" percentile; the third layer included values greater than the 50t
percentile and lower or equal to the 75" percentile; and the fourth layer consisted
of voxels with values greater than the 75" percentile and lower or equal to 1

(Figure S1 C).
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Adult with DS
57-year old

Male

APOEe4 non-Carrier
Asymptomatic

Supplementary Figure 1. Example of white matter hyperintensity (WMH) segmentation
and the bullseye plot representation.

(A) FLAIR image of a 57-year old DS male, asymptomatic, APOEg4 non-carrier, with ~14000 mm?3
of WMHs. (B) WMH segmentation. The WMH segmentation, generated by LPA, is depicted in the
left panel. To provide a comprehensive overview of the regional WMH burden, the right panel
displays the bullseye plot which integrates both layer and lobar parcellations (total=20 ROISs).
Color indicates the WMH volume (log). (C) Concentric layers parcellation. lllustration of the
concentric parcellation with four equidistant layers (left panel) and its representation on the
bullseye plot (right panel). The layers are named 1 to 4 according to their proximity to the lateral
and third ventricles. (D) Lobar parcellations. lllustration of the lobar parcellation (left panel) and
its representation on the bullseye plot (right panel). Abbreviation: F: frontal; P: parietal; T:
temporal; O: occipital; BG: basal ganglia; 1: first layer; 2: second layer; 3: third layer: 4: fourth

layer.



S.3 Association between white matter hyperintensities and age

S.3.1 Regional association

Characterization of White Matter Hyperintensities in Down Syndrome

Supplementary Table 2: Association between regional white matter
hyperintensities and age.

Diagnosis Lobe Layer rho p-value
HC Total Total 0.36 p<0.001
HC - Layerl 0.39 p<0.001
HC - Layer2 0.25 p=0.004
HC - Layer3 0.21 p=0.018
HC - Layer4 0.14 p=0.102
HC Frontal - 0.36 p<0.001
HC Parietal - 0.31 p<0.001
HC Temporal - 0.37 p<0.001
HC Occipital - 0.21 p=0.018
HC Basal Ganglia - 0.08 p=0.339
HC Frontal Layerl 0.35 p<0.001
HC Frontal Layer2 0.22 p=0.011
HC Frontal Layer3 0.16 p=0.074
HC Frontal Layer4 0.09 p=0.305
HC Parietal Layerl 0.30 p<0.001
HC Parietal Layer2 0.20 p=0.021
HC Parietal Layer3 -0.04 p=0.645
HC Parietal Layer4d -0.07 p=0.372
HC Temporal Layerl 0.36 p<0.001
HC Temporal Layer2 0.17 p=0.060
HC Temporal Layer3 0.08 p=0.35

HC Temporal Layer4d 0.10 p=0.24

HC Basal Ganglia | Layerl 0.08 p=0.338
HC Basal Ganglia Layer2 -0.02 p=0.789
HC Basal Ganglia Layer3 0.05 p=0.562
HC Basal Ganglia Layer4 0.36 p=0.250
DS Total Total 0.67 p<0.001
DS - Layerl 0.67 p<0.001
DS - Layer2 0.60 p<0.001
DS - Layer3 0.47 p<0.001
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DS - Layer 4 0.37 p<0.001
DS Frontal - 0.63 p<0.001
DS Parietal - 0.63 p<0.001
DS Temporal - 0.66 p<0.001
DS Occipital - 0.61 p<0.001
DS Basal Ganglia - 0.41 p<0.001
DS Frontal Layerl 0.62 p<0.001
DS Frontal Layer2 0.48 p<0.001
DS Frontal Layer3 0.37 p<0.001
DS Frontal Layer4 0.34 p<0.001
DS Parietal Layerl 0.63 p<0.001
DS Parietal Layer2 0.56 p<0.001
DS Parietal Layer3 0.40 p<0.001
DS Parietal Layer4 0.32 p<0.001
DS Temporal Layerl 0.66 p<0.001
DS Temporal Layer2 0.53 p<0.001
DS Temporal Layer3 0.25 p<0.001
DS Temporal Layer4 -0.01 p=0.840
DS Occipital Layerl 0.61 p<0.001
DS Occipital Layer2 0.52 p<0.001
DS Occipital Layer3 0.37 p<0.001
DS Occipital Layer4 0.32 p<0.001
DS Basal Ganglia | Layerl 0.38 p<0.001
DS Basal Ganglia Layer2 0.43 p<0.001
DS Basal Ganglia Layer3 0.32 p<0.001
DS Basal Ganglia Layer4 0.24 p<0.001

Abbreviation: HC: euploid cognitively unimpaired controls; DS: Down Syndrome; rho

Spearman’s correlation coefficient.
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Supplementary Figure 2. Association between white matter hyperintensities and age in each

brain region represented by layers and lobes.

The points represent individual patients, and the color indicates their clinical diagnosis. Shaded

areas represent 95% CI: dark grey represents the age-related change in DS and light grey in the

HC group for visual reference. The dashed line indicates when the ClI stops overlapping between

DS and HC groups. Abbreviation: HC: euploid cognitively unimpaired controls; DS: Down

syndrome; aDS: DS asymptomatic; pDS: DS prodromal; dDS: DS with dementia.
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S.3.2 Across Sex, APOE status and ID levels

S

White matter hyperintensity, log, mm?

20 30 40 50 60 20 30 40 50 60 20 30 40 50 60
Age,y Age, y Age, y
s
Female - Male APOEe4—e- APOEe4+ ID Mild e Moderate - >S'eve

Profound

Supplementary Figure 3. Association between white matter hyperintensity volume and age
across sex, APOE status, and intellectual disability levels.

The points represent individual patients, and the color indicates their sex, APOE status, and level

of intellectual disability. Shaded areas represent 95% CI. Abbreviation: ID: intellectual disability.
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S.4 Associations between white matter hyperintensity volume and intellectual

disability

Kruskal-Wallis, p = 0.079 Kruskal-Wallis, p = 0.91 Kruskal-Wallis, p = 0.3

4.0

r e
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Supplementary Figure 4. Relationship between white matter hyperintensities and level of

intellectual disability across the Alzheimer’s disease clinical status.

Boxplots showing the effect of the intellectual disability level on the distribution of WMH volume
within each AD clinical status. The points represent individual patients, and the color indicates
clinical diagnosis. Abbreviation: DS: Down syndrome; aDS: DS asymptomatic; pDS: DS

prodromal; dDS: DS with dementia.
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S.5 Associations between white matter hyperintensity volume and CSF

biomarkers
DS
——
aDSs
sDS T
_._

-04 00 04 08 -04 00 04 08 -04 00 04 08 -04 00 04 08 -04 00 04 08

Standardized coefficients

A Univariate + Age
A _— Not significant
Univariate

—_— ignifi t ivariat
O Multivariate + Age Significant (univariate)

. Multivariate @ Significant (multivariate)
Supplementary Figure 5. Standardized coefficient of univariate and multivariate linear
regression models for the WMH volume.

The triangles and circles represent the univariate and multivariate models, respectively, and filled
or unfilled shapes indicate whether age is included as a covariate. The lines represent the 95%
Cl. Grey color indicates non-significant values, while orange color indicates significant values
(p<0.01) and blue color after applying Bonferroni correction (a=0.05, p<0.01). Abbreviation: CSF:
cerebrospinal fluid;, AB42/AB 40: concentration ratio between amyloid 3 peptide 1-42 and amyloid
B peptide 1-40 (pg/mL); pTaul81l: tau phosphorylated at threonine 181 concentration (pg/mL);
NfL: neurofilament light chain concentration (pg/mL); GFAP: glial fibrillary acidic protein

concentration (pg/mL); DS: Down syndrome; aDS: DS asymptomatic; sDS: symptomatic DS.
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S.2 Population

Table S2. Demographic data.

aDS sDS ubDS
N=65 N=13 N=2 p-value
Age at baseline,y | 39.77 50.38 [47.67;54.37] | 43.71
[31.89;44.23] [39.83;47.59] 0.019
Female 28 (43.08%) 8 (61.54%) 2 (100.00%) 0.151
APOEg4 carriers 11 (22.92%) 3 (33.33%) 0 (0.00%) 0.753
Intellectual 0.396
disability
Mild 23 (35.38%) 3 (23.08%) 0 (0.00%)
Moderate 36 (55.38%) 9 (69.23%) 1 (50.00%)
6 (9.23%) 1 (7.69%) 1 (50.00%)
Severe/Profound
Vascular risk
factors
Hypertension 1.000
7/65 (10.94%) 1/13 (7.69%) 1/2 (50.00%)
Dyslipidemia 7/65 (10.94%) 1/13 (7.69%) 1/2 (50.00%) 0.247
Diabetes 0.052
mellitus 0/64 (0.00%) 2/13 (15.38%) 0/2 (0.00%)
CAMCOG-DS 78.00 72.00
[66.00;85.00] 63.00 [51.00;72.00] | [72.00;72.00] 0.022
MRI data
Number of visits | 65 (100%) / 16 13 (100%) / 1 2 (100%) / 2
2/3/4 (24.62%) /0 (7.69%) /1 (7.69%) | (100%)/0
(0.00%) (0.00%)
Between-visit 2.88 [2.22;3.89] 2.23 [2.14; 2.40] 1.75[1.41; 2.09]
time delay, y
Duration of the | 3.41 [2.46;4.81] 2.31[2.22; 2.51] 1.75[1.41; 2.09]
follow-up, y
WMH measures,
combat
WMH at 2198.16 6716.15 5366.75
baseline, mm3 [1336.51;4186.58] | [4423.17;13162.14] | [3150.82;7582.68] | <0.001
Annual WMH -5.39 [- -130.83 [-228.68;- | -409.33 [-603.86;-
change, mm®/year | 43.75;11.65] 60.19] 214.80] 0.008
Fluid biomarkers,
pg/mL
CSF 0.08 [0.06;0.09] 0.05 [0.04;0.06] 0.003
AB42/ABR40
(N=36/9/0)
CSF pTau181 28.80 106.90
(N=36/9/0) [17.28;45.90] [88.80;155.00] 0.001
CSF 317.12 770.00
NfL(N=42/9/0) [217.78;497.46] [645.00;943.90] 0.001
CSF GFAP 2678.84 3078.86
(N=41/9/0) [1536.17;4049.00] | [2910.54;6235.34] 0.063
Plasma GFAP 81.97 198.42 158.03
(N=25/9/1) [65.22;98.38] [155.48;461.94] [158.03;158.03] <0.001
CSF YKL40 129.07 223.99
(N=42/9/0) [70.06;185.04] [207.50;284.12] 0.002
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S.4 Effect of AD clinical status on the evolution of WMH

Table S4. Effect size of group differences in annual WMH changes.

Region Group-comparison | Statistics (z) | p-value | Effect size (r)
HC vs sDS Total -3.42 0.002 -0.42
aDS vs sDS | Total -2.74 0.012 -0.31
HC vs sDS Frontal -2.81 0.015 -0.35
aDS vs sDS | Frontal -2.26 0.048 -0.26
HC vs sDS Parietal -5.08 <0.001 |-0.63
aDS vs sDS | Parietal -4.72 <0.001 |-0.54
HC vs sDS Occipital -3.41 0.002 -0.42
aDS vs sDS | Occipital -2.83 0.009 -0.32
HC vs sDS Layer 1 -3.74 <0.001 |-0.46
aDS vs sDS | Layer 1 -2.89 0.008 -0.33
HC vs sDS Layer 2 -2.58 0.03 -0.32
950 -
250

g- 0 = l-s': }"'“ -
T
T .
= | :
T -300 _
é

-750

-900

-4550 A

Total
HC = aDS + aDS/sDS 4 pDS + dDS

Figure S1. Between-group differences for total annual WMH volume changes.

The boxplot illustrates WMH volumes across the brain regions. Significant
results at p<0.05 using the Holm correction. Abbreviation: ns: no significance; *:
p<0.05; **: p<0.01; ***: p<0.001; HC: euploid cognitively unimpaired controls;
DS: Down syndrome; aDS: asymptomatic DS; aDS/sDS: asymptomatic DS who
progressed to symptomatic DS; pDS: prodromal DS; dDS: DS with AD
dementia.
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S.6 Association between annual change in WMH adjusted by WM and
demographic, clinical, and genetic data
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Figure S2. Effect of demographic, clinical, and genetic variables on longitudinal
WMH adjusted by total WM volume.

(A) Association between total WMH volume and (B) annual WMH volume with
age. The lines/points represent individual participants, with colors indicating their
clinical diagnosis. Red points indicate participants who exhibited a clinical change
between visits along the AD continuum. Shaded areas represent 95% CI: dark
gray represents the age-related change in DS and light gray in the HC group for
visual reference. Boxplots showing the effect of (C) sex, (D) APOE genotype and
(E) intellectual disability on annual WMH volume changes in DS. Abbreviation:
HC: euploid cognitively unimpaired controls; DS: Down syndrome; aDS: DS
asymptomatic; sDS: symptomatic DS.
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S.7 Effect of AD clinical status on the evolution of WMH adjusted by white
matter
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Figure S3. Between-group differences for total and regional annual WMH volume
changes adjusted by total WM volume.

(A), (B), (C) and (D) The boxplots illustrate WMH volumes across the brain
regions. Significant results at p<0.05 using the Holm correction. Abbreviation: ns:
no significance; *: p<0.05; **: p<0.01; ***: p<0.001; HC: euploid cognitively
unimpaired controls; DS: Down syndrome; aDS: asymptomatic DS; sDS:
symptomatic DS.
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Effect of age, sex and APOE status on PSMD in each euploid population
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Figure S1. Effect of age, sex and APOE status on PSMD in CU, sAD, aDS and sDS

groups.
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Effect of Intellectual Disability levels on PSMD in DS population
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Figure S2. Effect of Intellectual Disability levels on PSMD in DS population.
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Associations between PSMD and CSF biomarkers

Table S3. Robust linear regression analyses of PSMD versus CSF biomarkers.

Diagnostic CSF 2 p-value

group biomarker B Cl R (unadjusted) FDR
Cu AB42/AB40 | -0.22 | [-0.43,-0.02] | 0.04 | 0.03 0.05
Cu pTau181 0.26 [0.05,0.46] | 0.05 |0.01 0.02
Cu NfL 0.39 [0.22,0.56] |0.14 | <0.001 <0.001
Cu YKL-40 0.30 [0.13,0.47] |0.08 |0.001 0.001
Cu GFAP 0.12 [-0.21,0.44] | -0.01 | 0.47 0.65
sAD AB42/AB40 | 0.06 [-0.14,0.25] | -0.01 | 0.57 0.67
sAD pTau181 -0.24 | [-0.43,-0.05] | 0.05 | 0.01 0.03
sAD NfL 0.26 [0.03,0.48] | 0.05 |0.03 0.04
sAD YKL-40 0.11 [-0.13,0.35] | 0.00 |0.37 0.47
sAD GFAP 0.17 [-0.11,0.46] | 0.01 |0.23 0.32
DS AB42/AB40 | -0.46 |[-0.60,-0.32] | 0.24 | <0.001 <0.001
DS pTau181 0.39 [0.23,0.54] |0.16 | <0.001 <0.001
DS NfL 0.59 [0.46,0.73] |0.38 | <0.001 <0.001
DS YKL-40 0.35 [0.20,0.50] [0.13 | <0.001 <0.001
DS GFAP 0.46 [0.30,0.62] |0.22 | <0.001 <0.001
aDS AB42/AB40 | -0.22 | [-0.43,-0.02] | 0.05 | 0.03 0.07
aDS pTau181 0.02 [-0.20,0.23] | -0.01 | 0.88 0.91
aDS NfL 0.31 [0.13,0.49] |0.12 | 0.001 0.007
aDS YKL-40 0.09 [-0.09,0.28] | 0.00 |0.32 0.61
aDS GFAP 0.25 [0.08,0.42] | 0.10 | 0.005 0.03
sDS AB42/AB40 | 0.02 [-0.23,0.27] | -0.02 | 0.89 0.99
sDS pTau181 0.09 [-0.16,0.34] | -0.01 | 0.48 0.56
sDS NfL 0.46 [0.21,0.70] |0.21 | <0.001 0.001
sDS YKL-40 0.09 [-0.19,0.37] | -0.01 | 0.52 0.47
sDS GFAP 0.32 [0.04,0.60] | 0.09 |0.009 0.02

Abbreviations: AB42/AB40, concentration ratio between amyloid beta peptide 1-42 and amyloid beta peptide 1-40
(pg/mL); AD, Alzheimer’s disease; aDS, asymptomatic Down syndrome; CSF, cerebrospinal fluid; sDS, symptomatic
Down syndrome; DS, Down syndrome; GFAP, glial fibrillary acidic protein concentration (pg/mL); CU, euploid cognitively
unimpaired controls; Cl, confidence interval; NfL, neurofilament light chain concentration (pg/mL); pTau181, tau
phosphorylated at threonine 181 concentration (pg/mL); YKL-40, chitinase 3-like 1.
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Table S4. Elastic net regression models.

Diagnostic group CSF biomarker | Coefficient | Bootstrap R? | MSE
AB42/AB40 0.00 0.44 0.20 | 0.80
cuU pTau181 -0.13 0.70
NfL 0.27 0.94
YKL-40 0.32 0.94
GFAP 0.00 0.56
AB42/AB40 0.00 0.51 0.03 | 0.97
pTau181 0.00 0.55
sAD NfL 0.16 0.93
YKL-40 0.00 0.55
GFAP 0.00 0.51
AB42/AB40 -0.36 1.00 0.35 | 0.65
pTau181 -0.20 0.86
DS NfL 0.63 1.00
YKL-40 -0.36 0.95
GFAP 0.16 0.86
AB42/AB40 -0.43 0.91 0.02 | 0.98
pTau181 -0.46 0.83
aDS NfL 0.29 0.71
YKL-40 -0.17 0.58
GFAP 0.20 0.74
AB42/AB40 0.05 0.62 0.15 | 0.85
pTau181 -0.21 0.74
sDS NfL 0.69 1.00
YKL-40 -0.19 0.74
GFAP 0.03 0.67

Abbreviations: AB42/AB40, concentration ratio between amyloid beta peptide 1-42 and amyloid beta peptide 1-40
(pg/mL); sAD, sporadic Alzheimer’s disease; aDS, asymptomatic Down syndrome; CSF, cerebrospinal fluid; sDS,
symptomatic Down syndrome; DS, Down syndrome; GFAP, glial fibrillary acidic protein concentration (pg/mL); CU,
euploid cognitively unimpaired controls; Cl, confidence interval; NfL, neurofilament light chain concentration (pg/mL);
pTau181, tau phosphorylated at threonine 181 concentration (pg/mL); YKL-40, chitinase 3-like 1.
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PSMD and WMH status

Table S5. Proportion of euploid individuals across alternative thresholds.

Threshold PSMD+WMH- PSMD-WMH+ X? p-value
mean + 1 SD 7.38% 6.15% 0.12 | 0.72
mean + 1.5 SD 5.74% 5.74% 0 1
mean + 2 SD 6,15% 9.02% 0.97 |1 0.32
mean + 2.5 SD 3.69% 8.61% 4.03 | 0.04
mean + 3 SD 3.28% 6.57% 0.64 | 0.15

Table S6. Proportion of individuals with DS across alternative thresholds.

Threshold PSMD+WMH- PSMD-WMH+ X? p-value
mean + 1 SD 16.76% 3.24% 15.57 | <0.001
mean + 1.5 SD 10.27% 1.62% 10.23 | 0.001
mean + 2 SD 8.65% 1.62% 7.58 |0.006
mean + 2.5 SD 10.27% 2.16% 8.52 |0.004
mean + 3 SD 7.03% 2.70% 272 10.09
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