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Abstract

Background: Individuals with Down syndrome (DS) face markedly increased risk of premature aging and
age-related pathological changes, particularly Alzheimer's disease (AD)-like neuropathology. By the fourth
decade of life, virtually all individuals with DS develop the hallmark AD features such as senile plaques (SPs) and
neurofibrillary tangles (NFTs). The aim of this study was to characterize the topographical distribution of
cerebral amyloid angiopathy, the morphology of senile plaques, and the spectrum of co-existing aging-related
proteinopathies in autopsied DS patients, with reference to age-matched and elderly controls.

Methods: Nine autopsied DS patients (aged 0.5-68.0 years at death) were examined alongside age-matched
controls. Immunohistochemical staining was performed for amyloid-B (AB), phosphorylated tau, a-synuclein, and
phosphorylated TDP-43. In addition, silver impregnation using the Gallyas method and Congo red staining were
performed. Aging-related pathologies were assessed using established criteria for NFTs, AB deposits, cerebral
amyloid angiopathy (CAA), and other neurodegenerative changes.

Results: All four DS patients aged > 28 years (D6—D9) showed moderate-to-severe AD neuropathological changes,
whereas none of five age-matched controls (23.1-68.4 years old) did. In DS patients with AD, unclassifiable SPs
were predominant, and NFTs with both 3-repeat and 4-repeat tau were observed. The distribution and
progression of the latter were similar to those of sporadic AD patients. CAA was observed in three DS patients
and, owing to systematic sampling, could be documented in the spinal arteries and subdural/subarachnoid
bridging vessels—sites not routinely evaluated in autopsy series of sporadic CAA. All three DS cases with CAA
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reached Thal stage 3 CAA, contrasting with a maximum of stage 2 in CAA-positive sporadic AD and elderly control
cases. Notably, two of three DS patients with CAA had a documented clinical history of subdural hemorrhage
(SDH); both showed marked cerebral atrophy at autopsy, precluding definitive attribution of SDH to CAA. The
high frequency of SDH suggests increased hemorrhagic risk in DS patients due to extensive vascular amyloid
deposition.

Conclusions: This study demonstrates accelerated ADNC development in DS, with characteristic unclassifiable
SPs and extensive CAA representing unique features that distinguish DS from common aging patterns. The clinical
history of SDH in DS patients with CAA, together with the histological extension of CAA to subdural bridging
vessels, may warrant attention when considering the vascular safety of emerging anti-amyloid therapies in this
population. However, causality between CAA and SDH could not be established from the present autopsy data.
These findings provide crucial insights into AD pathogenesis and highlight the importance of developing targeted

therapeutic strategies while considering safety implications.
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Introduction

Down syndrome (DS), also known as trisomy
21, affects approximately 1 in 700 live births [2]
and represents the most common genetic cause of
intellectual disability. Beyond developmental and
cognitive features, individuals with DS face markedly
increased risk of premature aging and age-related
pathological changes, particularly in the central
nervous system [2,14].

The relationship between DS and accelerated
aging is most prominently exemplified by neuro-
pathological changes characteristic of Alzheimer's
disease (AD). By the fourth decade of life, virtually
all individuals with DS develop pathological hall-
marks of AD, including senile plaques (SPs) and
neurofibrillary tangles (NFTs). Individuals with DS
face a lifetime risk of dementia of approximately
90 % [2], with a median age of clinical dementia
onset of 53.8 years [19], although there is a wide
range of age of onset [10]. While neuropathological
changes are nearly universal, the age at which
clinical symptoms emerge varies considerably
among individuals. The molecular basis of these
changes lies in the gene dosage imbalance created
by chromosome 21 trisomy, particularly the triplica-
tion of the amyloid precursor protein (APP) gene,
leading to increased amyloid-B (AB) production
throughout life [9].

Key neuropathological changes in aging
patients with DS include early SP deposition begin-
ning in the second decade of life, progressive tau

accumulation in neurons, distinctive neuroinflam-
mation patterns, synaptic dysfunction, and neuronal
loss [11,14]. These changes differ in timing from
those of sporadic AD and are accompanied by
unique cerebrovascular characteristics in terms of
less severe atherosclerosis but frequent amyloid
angiopathy [15,24].

The study of neuropathological changes in
DS provides unique insights into aging and
neurodegenerative diseases, as the consistent and
predictable development of AD-like pathology
offers opportunities to investigate the chronological
sequence of pathological events and potential
therapeutic targets. Recent advances in AB-target-
ing therapies for AD have opened new therapeutic
possibilities for addressing AD-related neuropatho-
logical changes in DS, highlighting the clinical
relevance of understanding the precise mechanisms
and timelines of these pathological changes [22,50].
However, critical questions remain regarding the
factors that determine clinical dementia develop-
ment and potential protective mechanisms.

To address the remaining questions outlined
above, we conducted a detailed histopathological
analysis of autopsy cases from two institutions.
Because premature aging in DS is already well
established and our sample size was limited, we
focused on descriptive neuropathological character-
ization, with particular emphasis on cerebrovascular
ApB pathology. Specifically, we aimed to characterize:
(1) the topographical distribution of cerebral
amyloid angiopathy (CAA), including its involvement
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of the anterior spinal arteries and subdural/
subarachnoid bridging vessels, and its association
with subdural hemorrhage; (2) the morphological
features of senile plaques in DS, with comparison to
previously described plaque subtypes (neuritic,
diffuse, cotton-wool, coarse-grained, and bird-nest
plagues); and (3) the spectrum of co-existing
aging-related proteinopathies, including AB, hyper-
phosphorylated tau, a-synuclein, and phosphory-
lated TAR DNA-binding protein of 43 kDa (TDP-43),
in DS compared with age-matched and elderly
controls. We examined nine DS autopsy cases aged
0.5-68.0 years and 14 control cases using
comprehensive immunohistochemistry (IHC), silver
impregnation with the Gallyas method, and Congo
red staining.

Materials and methods

Enrolled autopsied patients and their clinical
information

Nine autopsied patients with DS (D1-D9),
archived between 1973 and 2022 at the Aichi
Medical University Karei Ikagaku Brain Resource
Center (AKBRC) and the Brain Research Institute of
Niigata University, were included in this study. All
the patients were Japanese and had been diagnosed
with DS by karyotyping. Subject ages ranged from
0.5 to 68.0 years. Nine age-matched forensic
individuals (C1—C9) and 5 forensic individuals aged
over 70 years without cognitive decline (C10—C14)
served as normal controls. To evaluate the
characteristics of the SPs, three sporadic AD patients
(AD1-AD3) were also included in this study. Detailed
demographic and clinical information for all enrolled
cases is summarized in Figure 1. Autopsies were
performed between 1973 and 2022, and the interval
from autopsy to the present histopathological
re-evaluation ranged from 3 to 52 years. Immuno-
histochemical analyses for the present study were
performed between 2025 and 2026 using sections
newly cut from archived formalin-fixed paraffin-
embedded blocks, which had been preserved under
standardized archival conditions throughout this
period.
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Histological and immunohistochemical analyses

Autopsied specimens were fixed with 20 %
buffered formalin and embedded in paraffin. In this
study, the left hemisphere was consistently used as
the primary site for histological and immunohisto-
chemical analysis in all cases. Histological examina-
tions were performed using sections processed by
hematoxylin—eosin (HE), Kliiver—Barrera (KB), silver-
impregnation with the Gallyas method, and Congo
red staining. Immunohistochemical examinations
were performed as previously described [16].
Briefly, sections were incubated overnight with the
following primary antibodies: anti-a-synuclein anti-
body (polyclonal; S3062; Sigma-Aldrich, MO, USA;
1:20,000, after heat-induced antigen retrieval and
formic acid pretreatment), anti-CD68 (monoclonal;
clone PG-M1; M0876; DAKO, Glostrup, Denmark;
1:200, after heat-induced antigen retrieval and
trypsin pretreatment), anti-GFAP (monoclonal;
clone 6F2; M761; DAKO, Glostrup, Denmark; 1:500,
pretreated by heat antigen retrieval), anti-human
amyloid-B (11-28) (ABn-28) antibody (monoclonal;
clone 12B2; #10027; IBL, Gunma, Japan; 1:1,000,
pretreated with formic acid), anti-human amyloid-
(1-40) (AP1-10) antibody (polyclonal; #18580; IBL,
Gunma, Japan; 1:800; pretreated by formic acid),
anti-human amyloid-B (1-42) (APi1-s2) antibody
(polyclonal; #18582; IBL, Gunma, Japan; 1:400;
pretreated with formic acid), anti-lbal antibody,
phospho-tau (Ser202, Thr205) antibody (mono-
clonal, clone AT8; MN1020; Thermo Scientific, IL,
USA; 1:5,000), anti-phospho TDP-43 (pS409/410)
antibody (polyclonal; TIP-PTD-P07; CosmoBio,
Tokyo, Japan; 1:4,000; after heat-induced antigen
retrieval and formic acid pretreatment ), anti-tau
(3-repeat isoform RD3) antibody (monoclonal; clone
8E6/C11; #05-803; Upstate, Syracuse, NY, USA;
1:2,500, after heat-induced antigen retrieval and
formic acid pretreatment ), and anti-tau (4-repeat
isoform RD4) antibody (monoclonal; clone 1E1/A6;
#05-804; Millipore, Temecula, CA, USA; 1:500, after
heat-induced antigen retrieval and formic acid
pretreatment ). The sections were then washed with
phosphate-buffered saline 5 times for 5 minutes
each and incubated with secondary antibody
(Histofine Simple Stain MAX PO [MULTI]; Nichirei
Bioscience Inc., Tokyo, Japan) for 1 hour. The
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sections were visualized using 3,3'-diaminobenzi-
dine (DAB; DAB Tablet; FUJIFILM, Osaka, Japan), and
Mayer's hematoxylin solution was used as a
counterstain.

The number, percentage of neuritic plaques,
average size, area occupied, and mean gray value (as
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a measure of AB11-2s immunoreactivity) of the SPs in
DS patients with AD (DS+AD) and in sporadic
AD patients were measured using Imagel
Ver. 1.53t software (https://imagej.net/ij/) on
AB11—2s-immunostained sections of the middle
temporal gyrus taken at x10 objective magnification
(Figure 4), as previously described [29].
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Figure 1: Visualization of the neuropathological aging-related pathologies in DS, AD, and control brains

Moderate to severe AD neuropathological change was observed in DS patients aged 28.0 years and older. In age-matched control
individuals (C5-C9), no comparable AD pathology was observed. Patient D6 had abundant SPs but no NFTs. Vonsattel CAA grade:
neocortical parenchymal vessels (see Results for compartment-specific grades). CAA was extensive and included involvement of the
anterior spinal arteries in patients D7-D9. Limbic-type LBD was observed in patient D8, AD1, and AD2. No AGD, PART, ARTAG, or LATE-NC

was observed in DS, AD, or age-matched control individuals.
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Assessment of aging-related pathologies

Aging-related or comorbid pathological
changes were assessed using published pathological
criteria for NFTs [5], AB deposits [28,44],
argyrophilic grain disease (AGD) [34] and Lewy body
disease (LBD) [27]. Comprehensive assessment of
the Alzheimer’s pathology was dependent on the
international criteria suggested by the Montine TJ et
al [30]. Primary age-related tauopathy (PART) [8]
and aging-related tau astrogliopathy (ARTAG) [23]
were assessed using their respective diagnostic
criteria. The severity of vessel-wall involvement in
cerebral amyloid angiopathy (CAA) was graded using
the Vonsattel scale [47], assessed separately for
parenchymal and leptomeningeal vessels in both
the neocortex (middle frontal, middle temporal,
and occipital cortex) and the cerebellum. The
topographical expansion and biochemical subtype
of CAA were classified using the Thal CAA stage [42]
and Thal CAA type [43], respectively. APBii-zs
immunostaining was performed on sections from
the neocortex, allocortex, hippocampus, basal
ganglia, thalamus, white matter, brainstem, and
cerebellum to evaluate the topographical
distribution of CAA according to the Thal CAA
staging system [42]. The Vonsattel CAA grade
displayed for each case in Figure 1 represents the
grade of leptomeningeal vessels in the neocortex,
which were selected as the representative compart-
ment because leptomeningeal involvement is
generally the most diagnostically informative for
CAA severity. Region- and compartment-specific
grades for all four assessed compartments are
reported in the Results section. Phosphorylated
TDP-43-positive neuronal cytoplasmic inclusions in
the limbic system were scored using neuropatho-
logic criteria for limbic-predominant age-related
TDP-43 encephalopathy neuropathological change
(LATE-NC) [31]. The expansion of granulovacuolar
degeneration (GVD) was assessed using GVD staging
[41]. The presence and severity of mineralization
were assessed on HE-stained sections of the
lentiform nucleus, the cerebellar white matter, and
the dentate nucleus, with additional Perls staining
to evaluate the contribution of iron. The term
mineralization is used throughout in preference to
calcification, reflecting the mixed calcium- and iron-
containing nature of these vascular deposits in DS
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[44]. Regions used for each pathological staging/
criteria system are shown in Table 1. Statistical
comparisons used Fisher's exact test for binary
categorical data, the Fisher-Freeman-Halton exact
test for ordinal categorical data, and the Mann-
Whitney U exact test for ordinal Vonsattel grades.
All p-values are exact two-sided and are presented
as exploratory given the small group sizes.

Results

Clinical and autopsy information in DS patient
and control individuals

As shown in Figure 1, DS patients died at ages
ranging from 0.5 to 68.0 years. The DS brain weights
ranged from 650 to 1,100 grams and were lower
than those of the control individuals at all ages. A
clinical history of subdural hemorrhage (SDH) was
documented for patients D7 and D9. Causes of
death were congenital heart disease and infection in
the infantile cases and aspiration pneumonia in the
adult cases. The two patients with SDH (D7, D9) had
no documented head trauma, and SDH did not con-
tribute to death. Calcification of the globus pallidus
was observed in patients D7-D9, as well as in one
elderly control (C14) and one sporadic AD patient
(AD2). Moderate to severe AD neuropathological
change (ADNC) was observed in all DS patients aged
28.0 years and older (4/4 cases: D6—D9). In contrast,
none of the age-matched control individuals (C5-C9,
aged 23.1-68.4 years) showed AD pathology of
comparable severity. Given the small sample size
(n=9 in each group), these observations are
presented descriptively rather than as the result of
formal statistical comparison. Patient D6 exhibited
abundant and extensive SPs but no NFT. CAA, includ-
ing in the anterior spinal arteries and subdural bridg-
ing blood vessels, were extensive in DS patients aged
48.7 years and older. Limbic-type LBD was observed
in patients D8, AD1, and AD2. AGD, PART, ARTAG,
and LATE-NC were observed in control individuals
but not in DS patients. Formal cognitive assessment
was not available for any of the DS patients, owing
to early developmental stage in the infantile and
pediatric cases (D1-D5) and to limited clinical docu-
mentation combined with the baseline intellectual
disability of DS in the adult cases (D6-D9).
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Table 1: Regions used for each pathological staging/criteria system

Staging system

Staining/Antibody |Regions assessed

Braak NFT stage AT8

Transentorhinal cortex, entorhinal cortex, hippocampus (CA1/subiculum), tem-
poral/occipital/frontal neocortex

Thal AB phase AB11-28 Neocortex (1) - allocortex/hippocampus (2) - diencephalon/striatum (3)
- brainstem (4) - cerebellum
CERAD Gallyas/AB-28 Frontal, temporal, parietal neocortex

Thal CAA stage AB-2s

Stage 1: Neocortex
Stage 2: Hippocampus, allocortex, cerebellum
Stage 3: Basal ganglia, thalamus, white matter, brainstem

Thal CAA type AB11—28

Cortical capillaries on AB-»s in frontal/temporal/occipital cortex (Type 1: capil-
lary-positive; Type 2: capillary-negative)

Vonsattel grade AB-2s

Leptomeningeal and cortical vessels of neocortex and cerebellum

GVD stage p-TDP-43 Hippocampus (CA1-CA4, subiculum), entorhinal cortex, neocortex

LATE-NC stage p-TDP-43 Amygdala, hippocampus, middle frontal gyrus

ARTAG AT8 Subpial, perivascular, white matter, gray matter regions of frontal/temporal
lobes and amygdala

AGD 4R-tau/Gallyas Amygdala, ambient gyrus, hippocampus

PART AT8 Hippocampus, entorhinal cortex without significant A

LBD a-synuclein Brainstem (DMV, LC, SN), amygdala, hippocampus, cingulate, neocortex

AB, amyloid-B; AGD, argyrophilic grain disease; ARTAG, aging-related tau astrogliopathy; AT8, monoclonal antibody against
phosphorylated tau (Ser202/Thr205); CA1-CA4, cornu Ammonis subfields 1-4 of the hippocampus; CAA, cerebral amyloid angiopathy;
CERAD, Consortium to Establish a Registry for Alzheimer's Disease; DMV, dorsal motor nucleus of the vagus; GVD, granulovacuolar
degeneration; IHC, immunohistochemistry; LATE-NC, limbic-predominant age-related TDP-43 encephalopathy neuropathological change;
LBD, Lewy body disease; LC, locus coeruleus; NFT, neurofibrillary tangle; PART, primary age-related tauopathy; p-TDP-43, phosphorylated

TDP-43; SN, substantia nigra; 4R-tau, 4-repeat tau.

ADNC in DS brains

The majority of SPs in DS+AD patients
presented central tissue distortion and yellow-
brown deposits on HE staining, with fewer classic
neuritic plaques (Figure 2A). Silver-impregnation
with the Gallyas method and Congo red
staining revealed fibrillary and spheroidal
amyloids (Figure 2B, C). Anti-AB11—»s staining
revealed relatively large, AB-devoid pores and ill-
defined borders compared with those in classic
neuritic plaques (Figure 2D), and the SPs in DS
were visualized by both ABi4 and Afi-s IHC
(Figure 2D-1). GFAP-positive disrupted processes
were observed in the SPs (Figure 2J), and CD68-
positive cells, consistent with macrophages and/or
activated microglia, were observed in the center of
the SPs (Figure 2K). Fibrillary and spheroidal

structures immunoreactive for APP were found in
the center of the SPs (Figure 2L). SPs in DS+AD had
less in common with the typical neuritic, diffuse,
cotton-wool, and coarse-grained plaques. Interest-
ingly, profiles of SPs in our DS+AD individuals also
differed from those of bird-nest plaques [18], which
were reported to be seen in the DS+AD individuals.
Due to above reasons, our DS+AD plaques were
estimated as unclassifiable plaques (Table 2).
Furthermore, SPs in the gray matter of the spinal
cord were observed in all DS patients aged 48.7
years or older but not in control individuals. SPs in
DS+AD patients extended in the same pattern as
those in common AD patients (Figure3) but
appeared and spread rapidly starting at approxi-
mately 30 years of age (Figure 1). Image analysis of
AB11—2s-immunostained sections from the middle
temporal gyrus (Figure 4A-F) provided quantitative
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Figure 2: Neuropathological character-
istics of SPs in DS brains. (A) Tissue
distortion and yellow-brown deposits
(arrowheads) were observed in SP
centers in DS by HE staining. (B, C) Silver
impregnation and Congo red staining
demonstrated fibrillary and spheroidal
amyloids. (D, G) Anti-AB112s staining
revealed relatively large, AB-depleted
pores and ill-defined borders compared
with those of classic neuritic plaques.
(E, F, H, 1) The SPs in DS patients
were immunoreactive for both ABi_s
and ABi-4, antibodies. (J) GFAP-positive
disrupted processes were shown. (K)
CD68-positive cells, representing macro-
phages and/or activated microglia, were
observed in SP centers. (L) Fibrillary and
spheroidal structures immunoreactive
for APP were found. For comparison,
representative neuritic plaques from
a sporadic AD case are shown in
panels A', B', and D' (HE, Gallyas silver
impregnation, and AB11-2s immunostain-
ing, respectively), demonstrating the
well-defined dense AP cores and
dystrophic neurites typical of classic
neuritic plaques. (A, A') HE staining,
(B, B') silver-impregnation with the
Gallyas method, (C) Congo red staining,
(D, D', G) anti- AB11-28 staining, (E, H) anti-
ABi1.40 staining, (F, 1) anti- AB1-42 staining,
(J) anti-GFAP staining, (K) anti-CD68
staining, and (L) anti-APP staining. Bar:
50 um for (A-F, J-L, A', B', D') and 400 um
for (G-1).
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Figure 3: Distribution of SPs in DS patients and comparison with Thal phases

SPs in DS patients were distributed in accordance with Thal phases.
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Figure 4: Image analysis and comparison of the SPs between DS and AD patients. (A—F) AB11-2s IHC images of the middle temporal gyrus
at x10 objective magnification. Images A - C were taken from DS patients and images D - F were taken from AD patients. (G) Heatmap of
the image analysis comparing DS+AD patients (D7-D9, n = 3) and sporadic AD patients (AD1-AD3, n = 3). Each cell shows the value for an
individual case, color-coded relative to the range across all six cases (red = high, blue = low). Demographic and pathological features (age,
sex, NFT Braak AT8 stage, Thal AB phase, CERAD score, NIA-AA ADNC level) are shown for reference in the upper rows. The lower rows
show the five image analysis parameters: number of SPs per x10 objective field, percentage of neuritic plaques, average plaque size (um?),
area occupied by plaques (%), and mean gray value for AB11_,simmunoreactivity (higher values indicate weaker staining). The DS+AD cases
(n =3) showed lower proportions of neuritic plaques, larger average plaque sizes, greater areas occupied by plaques, and weaker AB11-2s
immunoreactivity than the sporadic AD cases (n = 3); these are presented as exploratory observations, given the small group sizes. (A—F)
Anti- AB11-2g staining. Bar: 400 um for (A—F).

High
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Neuritic Diffuse Cotton-wool | Coarse-grained Bird-nest SPs in this series
References [45] [49] [25] [4] [18]
Associate with Sporadic PSEN.l APOE €4 allele DS DS
AD mutation
d bound tton- I
Classical morphology corean oundary co o.n woo coarse granules | bird-nest like | coarse granules
crown unclear like
Identifiable by HE staining? yes no yes difficult yes difficult
Visualized with Silver impregnation? yes no/weak no/weak yes yes yes
Visualized with Congo red staining? yes no no yes yes yes
Predominance of ABi-40 or AB1-42 both AB1-40 ABi-10 AB1-40 ABi-10 both
Macrophage/microglia infiltration + —/+ —/+ + + +
Astrocyte infiltration + - - —/+ + -
Immunoreactivity against APP + —/+ —/+ + + +

AB: amyloid—B, AD: Alzheimer’s disease, APP: amyloid precursor protein, DS: Down syndrome, HE: hematoxylin and eosin, SPs: senile

plaques

support for these morphological observations
(Figure 4G). Compared with sporadic AD patients
(n=3: AD1-AD3), DS+AD patients (n=3: D7-D9)
showed a comparable number of SPs per x 10
objective field (mean 273 vs. 293), but a markedly
lower proportion of neuritic plagues (mean 1.2 % vs.
6.6 %), a larger average plaque size (788 vs. 470
um3), a greater area occupied by plaques (10.9 % vs.
6.7 %), and a higher mean gray value for ABii-2s
staining (126 vs. 106), the latter indicating weaker
immunoreactivity. Given the limited number of
cases (n=3 in each group), these differences are
presented descriptively rather than as the result of
formal statistical comparison.

In DS+AD patients, NFTs, visualized by
antibodies against hyperphosphorylated tau, also
appeared and expanded in the same pattern as in
those in sporadic AD patients (Figure 5A, B) and
showed immunoreactivity against both 3-repeat and
4-repeat tau (Figure 5C, D), which is consistent with
AD. PART, in which the appearance of NFTs
preceded that of SPs, was not observed among DS
and AD patients.

ADNC, assessed by the combination of NFTs
and SPs, was moderate to severe in all DS patients
aged 28.0 years and older (4/4 cases: D6-D9). In
contrast, no comparable AD pathology was

free

observed in age-matched control individuals within
the same age range (0/5 cases: C5—C9) (Figure 1).
Given the small sample size, these observations are
presented descriptively rather than as the result of
formal statistical comparison.

CAA in DS brains

Consistent with previous neuropathological
reports [15], CAA was observed in DS patients aged
48 years and older in our cohort, supporting the
well-established age-related emergence of amyloid
angiopathy in DS. AB deposition was observed in
numerous vessels on the brain surface and
parenchyma from large to capillary vessels, and was
labeled by both AB1-40 and AB1-42; hence, DS patients
were categorized as CAA type I. Strikingly, CAA in DS
patients was observed not only in the cerebrum
and cerebellum but also in the anterior spinal
arteries and bridging vessels of the subdural and
subarachnoid spaces (Figure 5E, F). All three
DS+CAA patients (D7-D9) reached Thal CAA stage 3,
based on the presence of AB-immunoreactive
vascular deposits in deep brain regions (basal
ganglia, thalamus, and brainstem) in addition to
neocortical, hippocampal, and cerebellar involve-
ment. Group-wise summary data of all CAA scores in
CAA-positive cases of each group, with statistical
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comparisons, are presented in Table 3. All 3 DS+CAA
patients reached Thal CAA stage 3, whereas none of
the CAA-positive sporadic AD or elderly control
cases exceeded stage 2 (Fisher-Freeman-Halton
exact test, p=0.100 for both comparisons; the
minimum two-sided p-value achievable for these
marginal configurations). Thal CAA type 1 predomi-
nated in all three groups (DS+CAA 3/3, sporadic AD
2/3, elderly controls 2/2; p=1.000). Vonsattel
grades by compartment showed no significant
between-group differences (Mann-Whitney U
exact, all p=>0.200; Table3), with cerebellar
leptomeningeal vessels uniformly grade 2 in DS+CAA
cases. Across all three DS+CAA cases, capillary CAA
consistently co-occurred with arteriolar and/or
venular involvement, and no region with capillary-
only CAA was identified.

The frequency of CAA differed substantially
among the four groups examined. CAA was
observed in three of nine DS patients (33.3 %; cases
D7-D9, all aged 48.7 years and older), in none of
nine age-matched control individuals (0 %; C1—C9,
aged 0.5-68.4 years), in two of five elderly control
individuals over 70 years of age (40 %; C11 and C13),
and in 3 of 3 sporadic AD patients (100 %; AD1-AD3,
aged 78-91 years). When restricted to DS patients
within the age range at which CAA was observed in
our cohort (2 48.7 years), all three DS patients were
CAA-positive, whereas none of the three age-range-
matched control individuals (C7—C9, aged 45.3-68.4
years) showed CAA. Although this categorical
contrast is striking, the small sample sizes of both
groups (n=3 each) limit the statistical detection
power: Fisher's exact test yielded p =0.100, which
represents the minimum achievable two-sided
p-value for this 2x2 configuration with these
marginal totals. The frequency in DS at this age
range was comparable to that in elderly control
individuals over 70 years (3/3 vs. 2/5; p = 0.196) and
in sporadic AD patients (3/3 vs. 3/3; p=1.000).
These comparisons are presented as exploratory
observations. Together, these findings suggest that
CAA in DS appears at substantially younger ages
than in cognitively intact individuals while reaching
a frequency comparable to that observed in elderly
controls and sporadic AD patients. Notably, AP
deposition was histologically observed in subdural
bridging vessels in DS+CAA patients (Figure 5F), an
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unusual extracerebral location for CAA. The relation-
ship between this finding and the clinical history of
SDH is detailed below.

Hemorrhagic alterations in DS brains

A clinical history of SDH prior to death was
documented in 2 of the 9 DS patients (D7 and D9),
both of whom had advanced CAA. By contrast, in the
control cohort, a history of SDH was documented in
four of the 14 individuals (C8, C10, C12, and C14),
none of whom had CAA, whereas the two CAA-
positive controls (C11 and C13) had no history of
SDH. In the sporadic AD group, one of the three
patients (AD2) had a history of SDH and was also
CAA-positive. Thus, in our cohort, all SDH events in
DS patients occurred in CAA-positive cases, whereas
in control individuals SDH and CAA were observed in
distinct individuals, suggesting that the mechanisms
underlying SDH may differ between these popula-
tions. At autopsy, however, no acute or residual
hematoma was identified in either case, consistent
with prior resolution of the SDH. Although no
documented history of head trauma was identified
for either patient, the retrospective nature of this
study and the limited availability of detailed clinical
records preclude rigorous exclusion of antecedent
traumatic events. Moreover, both patients showed
marked cerebral atrophy (D7: 1100 g; D9: 650 g),
which itself constitutes an established risk factor for
traumatic SDH from minor head injury through
bridging vein stretch. The macroscopic autopsy
records of all DS patients were also reviewed for
evidence of other hemorrhagic alterations; no
documented evidence of intracerebral hemorrhage
(ICH) or convexity subarachnoid hemorrhage
(cSAH) was identified in any DS case. Furthermore,
cortical superficial siderosis (cSS) or lobar cerebral
microbleeds was not observed microscopically in
the present study.

GVD in DS brains

Neuronal intracytoplasmic vacuoles, which
contained small granules and were visualized by an-
tibodies against phosphorylated TDP-43, were ob-
served in three of the nine DS patients, all three AD
patients, and four of the 14 control individuals, with
essentially the same or more confined distributions
as those of the NFTs in the DS patients, AD patients,
and control individuals (Figure 5G, H).

free y.org


https://doi.org/10.17879/freeneuropathology-2026-9406

Free Neuropathology 7:12 (2026) Miyahara et al
DOI: https://doi.org/10.17879/freeneuropathology-2026-9406 page 12 of 20

Figure 5: Aging-related pathologies other than senile plaques in DS brains

(A, B) NFTs in the temporal lobe in patients D7-D9 were visualized by phosphorylated tau (B). (C, D) These NFTs also showed
immunoreactivity against both 3-repeat (C) and 4-repeat (D) tau. (E) Anterior spinal cord arteries in DS patients were affected
by amyloid deposits. (F) AB deposits were observed in bridging vessels of the subdural and subarachnoid spaces in DS patients.
(G, H) Anti-phosphorylated TDP-43 IHC labeled granulovacuolar degeneration in the hippocampus of DS patients (H). (I, J) Lewy bodies in
the substantia nigra in patient D8 were visualized by a-synuclein IHC (J). (A, G, 1) HE staining, (B) anti-AT8 staining, (C) anti-RD3 staining,
(D) anti-RD4 staining, (E, F) anti-AB staining, (H) anti-phospho-TDP-43 staining, and (J) anti-a-Synuclein staining. Bar: 20 um for
(A-D, G-J), 400 um for (E), and 250 pum for (F). SAS: subarachnoid space, SDS: subdural space.
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Table 3: Group-wise summary of CAA scores in CAA-positive cases

Score (D DS+CAA (n=3) | @ Sporadic AD (n=3) |® Controls with CAA p-value p-value
(n=2) Dvs®@) (@ vs®)
Thal CAA stage*
Stage 1 0 (0%) 0 (0%) 0 (0%) 0.100 0.100
Stage 2 0 (0%) 3 (100%) 2 (100%)
Stage 3 3 (100%) 0 (0%) 0 (0%)
Thal CAA type**
Type 1 (capillary +) 3 (100%) 2 (67%) 2 (100%) 1.000 1.000
Type 2 (capillary -) 0 (0%) 1(33%) 0 (0%)
Vonsattel grade*** D7,8,9 AD1, 2,3 C11, C13
Neocortex, leptomeningeal 1,2,1 2,1,1 1,1 1.000 1.000
Neocortex, parenchymal 2,2,2 3,1,0 1,1 0.700 0.200
Cerebellum, leptomeningeal 2,2,2 2,1,1 2,1 0.400 0.800
Cerebellum, parenchymal 2,1,2 2,0,0 1,0 0.400 0.400

*. Fisher—Freeman—Halton exact test, **: Fisher exact, ***: Mann-Whitney U (exact, two-sided)

LBD in DS brains

Lewy bodies, visualized by antibodies agains
a-synuclein, were observed in the substantia nigra
and amygdala of patients D8, AD1, and AD2
(Figure 51, J). These patients were neuropathologi-
cally diagnosed with limbic-type LBD (Figure 1).

Associations among neuropathological alterations in
DS patients

To address whether CAA was preferentially
associated with ADNC rather than with other aging-
related pathologies, we examined the per-case
co-occurrence patterns shown in Figure 1.

CAA was confined to DS patients with the
highest level of ADNC. All three DS+CAA patients
(D7-D9) simultaneously exhibited Thal AB phase 5,
Braak NFT stage V-VI, frequent CERAD (Consortium
to Establish a Registry for Alzheimer's Disease)
neuritic plaques, and "high" ADNC, whereas no DS
patient below this threshold had CAA. Notably,
patient D6 (28.0 years), who showed abundant
senile plaques but no NFTs, lacked CAA, indicating
that CAA in DS did not arise from parenchymal AB
deposition alone (Fisher’s exact test, 3/3 vs. 0/6;
p =0.005). The CAA phenotype was uniform across

the three patients (Vonsattel grade 2, Thal CAA
stage 3, type 1), and A clinical history of SDH was
documented only in DS+CAA patients (2/3 vs. 0/6).

GVD progressed in parallel with NFT pathology:
stages IlI-V were restricted to the three DS patients
with Braak NFT V-VI. In contrast, limbic-type
LBD was observed in a single patient (D8) without
apparent association with CAA stage, and AGD,
PART, ARTAG, and LATE-NC were absent in all DS
patients despite being present in elderly controls.

Thus, in our DS cohort, CAA and GVD were
specifically linked to high-level ADNC, whereas LBD
and the other aging-related tauopathies/TDP-43
proteinopathies behaved independently of ADNC
severity.

Other aging-related pathologies in DS brains

Pallidal mineralization, characterized by
basophilic concentric deposits within and around
small vessels on HE staining with iron co-deposition
on Perls staining, was identified in three of nine DS
patients (D7-D9, aged 48.7 years and older),
consistent with previous reports of premature basal
ganglia mineralization as a recognized feature of DS
[40,48]. Comparable pallidal mineralization was also
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observed in one of 14 control individuals (C14, 89.5
years) and in one of three sporadic AD patients
(AD2, 83 years). Both individuals were considerably
older than the DS+CAA cases. These findings suggest
that pallidal mineralization is not exclusive to DS but
appears at a substantially younger age in DS than in
non-DS individuals. No comparable mineralization
was detected in the cerebellar white matter or the
dentate nucleus in any DS case, nor in any age-
matched control individual. AGD, PART, ARTAG, or
LATE-NC were not observed in DS patients, AD
patients, or age-matched control individuals; in
controls over 70 years old, two cases of AGD, two
cases of PART, and one case of ARTAG were neuro-
pathologically confirmed.

Discussion

This study examined nine autopsied DS
patients aged 0.5 to 68.0 years. Moderate to severe
ADNC was observed in all DS patients aged 28 years
or older, whereas no age-matched control individual
showed AD pathology of comparable severity
within the same age range. In DS+AD patients,
unclassifiable SPs were predominant and appeared
rapidly starting at approximately 30 years of age.
NFTs with both 3-repeat and 4-repeat tau were
observed. Their distribution and progression were
similar to those of sporadic AD. Owing to systematic
sampling of the spinal cord and dural vasculature in
our
autopsy protocol — sites not routinely evaluated in
standard AD/CAA series — CAA in our DS patients
could be documented in the spinal arteries and
subdural/subarachnoid bridging vessels. Of note,
two of three DS+CAA patients had a documented
clinical history of SDH prior to death. Other aging-
related pathologies including AGD, PART, and
LATE-NC were absent in DS patients, distinguishing
them from common aging patterns.

Adult DS represents a unique model for
understanding AD pathogenesis due to early-
onset amyloid pathology. Autopsy studies have
demonstrated that by the age of 40 years, virtually
all individuals with DS exhibit SPs in their brains,
markedly earlier than the onset of sporadic AD. This
accelerated amyloidogenesis results from the tripli-
cation of chromosome 21, which contains the APP
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gene, leading to overproduction of the AP protein
[26].

Recent neuroimaging studies have revealed
that amyloid and tau pathology emerges in the
middle to late 30s in DS, with a compressed timeline
in which the amyloid and tau phases occur more
rapidly than in sporadic AD, requiring targeting of
both pathological proteins [24]. Positron emission
tomography imaging effectively identifies the
earliest stages of amyloid accumulation in DS,
providing crucial biomarker evidence for treatment
eligibility [24].

Turning to our neuropathological findings, CAA
was preferentially and tightly associated with high-
level ADNC. CAA was confined to DS patients who
had reached Thal AB phase 5 and Braak NFT stage
V-VI, and was absent in patient D6 despite
abundant parenchymal AB deposition. This suggests
that, even under lifelong APP overproduction, CAA
in DS emerges only after the AP-tau cascade
has reached advanced stages, consistent with
progressive failure of perivascular AB clearance once
parenchymal burden becomes maximal [15,24]. The
uniform severity of CAA across the three DS+CAA
patients (grade 2, stage 3, type 1, with spinal and
bridging-vessel involvement) further indicates that
DS, when it develops CAA, recapitulates the severe
end of the sporadic CAA spectrum [15,26]. Further-
more, all three DS patients aged >48.7 years
exhibited CAA, compared with only two of five
elderly controls over 70 years. These findings
suggest that CAA develops earlier and more
consistently in DS than in cognitively intact aging, in
keeping with accelerated aging-related neuro-
pathology in DS. These inter-pathology associations
are exploratory given n=9, but the all-or-none
character of CAA above and below the high-level
ADNC threshold is sufficiently clear to warrant
consideration in future biomarker and therapeutic
studies in DS.

Beyond CAA, other aging-related pathologies in
DS showed distinct patterns relative to ADNC. GVD
co-progressed with NFT pathology, mirroring the
established GVD-tau association in sporadic AD [41].
In contrast, LBD behaved as an independent
co-pathology [27]. The absence of AGD, PART,
ARTAG, and LATE-NC across all DS patients suggests
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that the DS neurodegenerative trajectory is largely
confined to the APP-driven AB-tau axis and its
downstream cerebrovascular and granulovacuolar
consequences, without divergence into the other
age-related proteinopathies common in cognitively
normal elderly [8,23,31,34]. Pallidal mineralization
in patients D7-D9 (aged 48.7 years and older) is
consistent with the long-recognized association of
this vascular alteration with DS [40,48]. In our
cohort, similar mineralization was also detected in
one elderly control (C14, 89.5 years) and one
sporadic AD case (AD2, 83 years), both substantially
older than our DS+CAA cases. This pattern indicates
that pallidal mineralization is not specific to DS, but
emerges approximately three to four decades
earlier in DS than in non-DS individuals, in keeping
with previous descriptions [40,48]. We adopt the
term mineralization rather than calcification in light
of recent evidence [39] that these deposits contain
both calcium and iron. In our cohort, comparable
mineralization was not detected in the cerebellar
white matter or dentate nucleus, in contrast to
the cerebellar arteriolar mineralization recently
described by Szalardy et al. [39]; this discrepancy
may reflect our small sample size (n =3 DS+CAA),
differences in CAA severity, or sampling variation.
Together, these observations indicate that aging-
related neuropathological changes in DS follow
heterogeneous patterns: some (CAA, GVD, pallidal
mineralization) appear to develop in parallel with or
earlier than in age-matched controls, whereas
others (AGD, PART, ARTAG, LATE-NC) are largely
absent, suggesting that the DS aging trajectory is
selectively channeled into specific pathological
streams.

A particularly striking feature of our cohort was
the universal attainment of Thal CAA stage 3 in all
DS+CAA patients, in contrast to a maximum of stage
2 in CAA-positive sporadic AD and elderly control
cases. Stage 3 — defined by involvement of the
basal ganglia, thalamus, and lower brainstem —
represents the most advanced and least frequent
topographical extension of CAA in the original
description by Thal et al. [42] and is observed only
in a minority of high-grade ADNC cases. This
convergence at stage 3 despite a younger age range
than the sporadic AD group indicates that DS-CAA is
not merely earlier in onset but also topographically
more extensive, likely reflecting lifelong APP
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overexpression and saturation of perivascular AB
clearance into deep penetrating arteries [15, 26].
These findings are fully concordant with the recent
autopsy study by Szalardy et al. [39], in which 10 of
11 adult DS cases also reached Thal stage 3, with
frequent capillary (type 1) involvement and severe
cerebellar leptomeningeal involvement (Vonsattel
grade 2) — features uniformly reproduced in our
DS+CAA cases. This convergence supports universal
stage 3 progression as a reproducible hallmark of
DS-CAA. With respect to compartment-specific
Vonsattel grading, however, our results only
partially aligned with Szalardy et al. [39]. While eight
of their 10 cases reached neocortical leptomenin-
geal grade 3, the maximum grade in our cohort did
not exceed grade 2 in any compartment, and in
the neocortex, parenchymal vessels equaled or
exceeded leptomeningeal vessels in two of three
cases (D7 and D9). This divergence likely reflects the
small size of our DS+CAA group (n =3) and possible
differences in age distribution and cortical regions
sampled, both of which limit resolution for
compartment-specific comparison. The Thal type 1
predominance shared across cohorts likely reflects
the AB42 dominance characteristic of lifelong APP
overexpression in DS [15,26]. Of note, Szalardy et al.
[39] also reported occasional brain regions in which
capillary CAA was present in the absence of
concurrent arteriolar or venular involvement. In
our cohort, no such capillary-only pattern was
identified; capillary CAA consistently co-occurred
with arteriolar and/or venular involvement, possibly
reflecting the smaller size of our cohort or
differences in regional sampling. The extension to
spinal arteries and subdural/subarachnoid bridging
vessels documented in our series should be
interpreted with caution, as these sites are seldom
included in standard autopsy protocols. Their
report of hemorrhagic alterations without gross
hematomas in 5 of 10 DS-CAA cases, together with
our observation of SDH in two of three DS+CAA
cases, further supports the link between advanced
DS-CAA and hemorrhagic complications. Group-
wise statistical comparisons (Table 3) confirmed
complete between-group separation for Thal CAA
stage 3 attainment, although the small group sizes
precluded conventional significance (p = 0.100, the
lowest possible exact two-sided p-value for this
dataset). Together, these convergent observations
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support the view that severe, topographically
extensive CAA with capillary involvement is a
characteristic feature of advanced ADNC in DS.

Building on this comparison, the CAA-restricted
occurrence of SDH in our cohort (2/3 DS+CAA vs. 0/6
DS without CAA), together with the histological
observation of AR deposition in subdural bridging
vessels, is concordant with population-level studies
linking sporadic CAA to SDH risk [33] and with the
recent autopsy report by Szalardy et al. [39].
Notably, the four SDH events documented in our
control cohort (C8, C10, C12, C14) were all clinically
traumatic in origin and occurred in CAA-negative
individuals, providing a within-cohort contrast:
in the absence of CAA, SDH in our series was
attributable to identifiable trauma, whereas
in DS+CAA patients SDH occurred without
documented trauma despite the presence of severe
vascular AB deposition. This pattern is consistent
with — though does not prove — a CAA-related
mechanism for the SDH events in DS. It should also
be noted that our control cohort consisted of
forensic autopsy cases, in which traumatic events
such as falls, traffic accidents, and other injuries are
over-represented compared with the general
population. The relatively high frequency of
traumatic SDH among controls (4/14) likely reflects
this selection characteristic of forensic series, rather
than the background prevalence of SDH in the
general elderly population. This forensic-cohort
context further strengthens the contrast between
the SDH observed in CAA-negative controls — for
which a traumatic etiology was clinically established
— and the trauma-undocumented SDH events in our
DS+CAA patients. However, as detailed in the
Results, the marked cerebral atrophy in both SDH
cases, the inability to fully exclude antecedent head
trauma, and the small number of DS+CAA cases
(n=3) preclude any causal inference; a definitive
CAA-SDH link in DS would require larger prospective
autopsy series. Since sporadic CAA itself confers
increased SDH risk [33], our findings should be
interpreted not as a DS-unique association but as a
hypothesis that lifelong APP overexpression may
amplify SDH risk in DS — a consideration relevant
to the vascular safety of emerging anti-amyloid
therapies [26].
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The absence of lobar ICH, cortical superficial
siderosis, and lobar cerebral microbleeds in all nine
DS patients of our cohort warrants discussion in the
context of the long-standing debate on the
hemorrhagic risk of DS-CAA. As reviewed by Buss et
al. [6], lobar ICH is strikingly rare in DS despite severe
vascular AB deposition — in marked contrast to
APP-duplication kindreds, in whom ICH affects
approximately one-third of carriers — leading to the
hypothesis that DS may be relatively protected from
CAA-related macrohemorrhage. Recent in vivo
SWI-MRI studies have shown that lobar microbleeds
and cortical superficial siderosis do occur in adults
with DS with a posterior, lobar predominance
consistent with CAA, but gross lobar ICH remains
uncommonly reported [1, 7]. Our autopsy findings
align with this pattern: despite the severe CAA
phenotype described above, no lobar ICH or micro-
hemorrhagic markers were identified, and the only
documented hemorrhagic events were the SDH
episodes in D7 and D9. This is concordant with
Szalardy et al. [39], who detected hemorrhagic
alterations in five of 10 DS-CAA cases but no gross
hematomas. Together, these observations suggest
that the hemorrhagic phenotype of DS-CAA may be
dominated by microhemorrhagic and extracerebral
(subdural/bridging-vessel) changes rather than
classical lobar parenchymal ICH. We therefore
present our SDH findings not as evidence of a
generally elevated ICH risk in DS, but as a
compartment-specific observation to be considered
alongside the predominantly negative ICH literature
when evaluating the vascular safety of anti-amyloid
therapy in this population.

In terms of broader therapeutic implications,
two anti-amyloid monoclonal antibodies —
lecanemab [46] and donanemab [36] — have
received traditional FDA approval for early
Alzheimer's disease, and both share safety consider-
ations particularly relevant to DS. A recent investiga-
tion of lecanemab in DS brains demonstrated
effective binding to SPs in all DS brains examined,
but also extensive binding to CAA-affected
leptomeningeal and cortical vessels [26], and
donanemab has likewise been shown to bind
cerebral amyloid angiopathy fibrils [37], indicating
that vascular amyloid binding is a class-wide
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property. The clinical consequence is amyloid-
related imaging abnormalities (ARIA), encompassing
both ARIA-E (edema/effusion from blood-brain
barrier compromise) and ARIA-H (microbleed/
superficial siderosis from microvascular wall
fragility), both mechanistically driven by antibody
engagement of CAA-affected vessels [38]. Our
findings, together with those of Szalardy et al. [39],
indicate that severe, topographically extensive CAA
— including capillary, spinal, and bridging-vessel
involvement — is essentially universal in adults with
DS who have reached advanced ADNC. This near-
universal severe CAA represents a substantial
limitation for anti-amyloid antibody therapy in DS,
since the pathological substrate defining treatment
indication is also the substrate of greatest ARIA risk.
DS-specific clinical trials with prospective ARIA-E and
ARIA-H monitoring and pre-treatment CAA
characterization will be essential to establish the
benefit-to-risk balance of anti-amyloid therapy in
this population.

Individuals with DS also face abnormal
accumulation of phosphorylated tau in the early
stage of life [12]. Plasma p-tau217 accurately
predicts brain amyloid pathology in DS patients
[20,35]. Current therapeutic approaches include the
use of tau-targeting antibodies (JNJ-63733657 and
BMS-989446) and vaccines (ACI-35) in clinical trials
[13,17,21]. However, DS individuals were historically
excluded from major AD trials, generating data gaps
[3]. Future research must expand beyond amyloid-
targeting to include tau pathology, neuroinflamma-
tion, and synaptic dysfunction mechanisms through
DS-specific clinical trials with adapted assessments
[32].

Despite providing valuable insights into neuro-
pathological aging patterns in DS patients, our study
has several limitations. The small sample size of nine
patients, while representing a substantial collection
given the rarity of DS autopsies, limits the statistical
power for comprehensive analyses. The exclusive
Japanese population, while ensuring genetic homo-
geneity, may limit generalizability across ethnic
groups. Additionally, the cross-sectional approach,
although it reveals important age-related patterns,
cannot capture individual longitudinal progression
dynamics. Furthermore, our cohort spans a 49-year
autopsy collection period (1973-2022), during
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which medical care and living environments for
individuals with DS in Japan changed substantially.
This temporal heterogeneity may introduce a cohort
effect that should be considered when interpreting
the age at which ADNC emerges in our series.
Limited clinical documentation restricts detailed
clinicopathological correlations. The image analysis
comparison between DS+AD (n = 3) and sporadic AD
(n =3) and the group-wise statistical comparisons of
CAA scores are all exploratory; small group sizes
preclude formal statistical inference and impose
inherent floors on exact p-values, even when
complete categorical separation is observed.
Quantitative differences should therefore be
interpreted as supportive rather than confirmatory
of the morphological characterization. The cluster-
ing of SDH within DS+CAA cases is observational; the
retrospective design, the limited availability of head
trauma history, and the marked cerebral atrophy in
both SDH cases preclude attribution of SDH to CAA.

This neuropathological study of nine autopsied
DS patients revealed that all four patients aged 28
years and older exhibited moderate to severe ADNC,
whereas no age-range-matched control showed
comparable findings. Given the small sample size,
these findings should be interpreted descriptively.
Characteristic unclassifiable SPs and severe CAA —
including in the spinal arteries and subdural bridging
vessels — were notable features in this DS series,
with implications for the vascular safety of
anti-amyloid therapies, while the absence of other
aging-related proteinopathies (AGD, PART, ARTAG,
LATE-NC) suggests selective channeling of the DS
aging trajectory into the APP-driven AB-tau axis.
These findings provide crucial insights into AD
pathogenesis and emphasize the importance of
developing targeted therapeutic strategies while
considering safety implications.

Ethics approval statement

This study was performed in compliance with
the principles of the Declaration of Helsinki.
Approval was obtained from the institutional review
boards of Aichi Medical University. Signed informed
consent for autopsy, the archiving of tissue for
research purposes, and genetic analysis were
obtained from the family members of all the
patients in compliance with the Ethical Committee
for Medical Research of Aichi Medical University.

free y.org


https://doi.org/10.17879/freeneuropathology-2026-9406

Free Neuropathology 7:12 (2026)
DOI: https://doi.org/10.17879/freeneuropathology-2026-9406

Data availability statement

The data that support the findings of this study
are available from the corresponding author upon
reasonable request.

Author contributions

HMi conceptualized and prepared the original
draft of the manuscript; KY and HMi performed the
histopathological experiments; DT, NT, HMo and
HMi assembled the clinical information; YH, YR, AA,
JS, HH, AK, YI, and HMi performed the histopatho-
logical analysis; HMi visualized the data; and all
authors reviewed, edited, and approved the
manuscript.

Declaration of generative Al

No generative Al or large language model (LLM)
tools were used in this study.

References

1. Aranha MR, lulita MF, Montal V, Pegueroles J, Bejanin A, Vaqué-
Alcazar L, Ribas L, Camacho V, Sampedro F, Benejam B, Videla L,
Barroeta I, Altuna M, Padilla C, Aldecoa I, Gelpi E, Fortuna A, Ferré-Jodra
A, Andrade E, Nufiez-Llaves R, Rodriguez-Baz i, Vilaplana E, Boada M,
Marquié M, Ruiz A, Carmona-lragui M, Lled A, Belbin O, Fortea J (2024)
Associations of microbleeds and their topography with imaging and CSF
biomarkers of Alzheimer pathology in individuals with Down syndrome.
Neurology.103(2):e209676.
https://doi.org/10.1212/WNL.0000000000209676

2. Ballard C, Mobley W, Hardy J, Williams G, Corbett A (2016)
Dementia in Down’s syndrome. Lancet Neurol.15(6):622-36.
https://doi.org/10.1016/51474-4422(16)00063-6

3. Barroeta |, Videla L, Carmona-Iragui M, Fortea J, Rafii MS (2025)
Current advances and unmet needs in Alzheimer’s disease trials for
individuals with Down syndrome: Navigating new therapeutic frontiers.
Alzheimers Dement.21(6):e70258. https://doi.org/10.1002/alz.70258

4. Boon BDC, Bulk M, Jonker AJ, Morrema THJ, van den Berg E, Popovic
M, Walter J, Kumar S, van der Lee SJ, Holstege H, Zhu X, Van Nostrand
WE, Natté R, van der Weerd L, Bouwman FH, van de Berg WD),
Rozemuller AJM, Hoozemans JIM (2020) The coarse-grained plaque: a
divergent AP plaque-type in early-onset Alzheimer’s disease. Acta
Neuropathol.140(6):811-30.
https://doi.org/10.1007/s00401-020-02198-8

5. BraakH, Alafuzoff I, Arzberger T, Kretzschmar H, Del Tredici K (2006)
Staging of Alzheimer disease-associated neurofibrillary pathology using
paraffin sections and immunocytochemistry. Acta Neuropathol.112(4):
389-404. https://doi.org/10.1007/s00401-006-0127-z

6. Buss L, Fisher E, Hardy J, Nizetic D, Groet J, Pulford L, Strydom A
(2016) Intracerebral haemorrhage in Down syndrome: protected or
predisposed? F1000Res.5:F1000 Faculty Rev-876.
https://doi.org/10.12688/f1000research.7819.1

Miyahara et a/
page 18 of 20

Conflict of interest statement

The authors declare that they have no conflicts
of interest.

Funding statement

This work was supported by AMED under Grant
Number JP21wm0425019 (A. Kakita), by HORI Sci-
ence and Arts Foundation (Y. Riku), Kawano Masa-
nori Memorial Public Interest Incorporated Founda-
tion for Promotion of Pediatrics under Grant Num-
ber 34-8 (H. Miyahara), Pfizer Health Research Foun-
dation under Grant Number 24-E-12 (H. Miyahara),
and by JSPS KAKENHI under Grant Numbers
JP20K16586 (Y. Riku), 22K07359 (Y. Riku) and
20K08196 (H. Miyahara).

7. Carmona-lragui M, Balasa M, Benejam B, Alcolea D, Fernandez S,
Videla L, Sala I, Sdnchez-Saudinds MB, Morenas-Rodriguez E, Ribosa-
Nogué R, Illan-Gala I, Gonzalez-Ortiz S, Clarimén J, Schmitt F, Powell DK,
Bosch B, Lladd A, Rafii MS, Head E, Molinuevo JL, Blesa R, Videla S, Lled
A, Sanchez-Valle R, Fortea J (2017) Cerebral amyloid angiopathy in Down
syndrome and sporadic and autosomal-dominant Alzheimer’s disease.
Alzheimers Dement.13(11):1251-60.
https://doi.org/10.1016/j.jalz.2017.03.007

8. Crary JF, Trojanowski JQ, Schneider JA, Abisambra JF, Abner EL,
Alafuzoff I, Arnold SE, Attems J, Beach TG, Bigio EH, Cairns NJ, Dickson
DW, Gearing M, Grinberg LT, Hof PR, Hyman BT, Jellinger K, Jicha GA,
Kovacs GG, Knopman DS, Kofler J, Kukull WA, Mackenzie IR, Masliah E,
McKee A, Montine TJ, Murray ME, Neltner JH, Santa-Maria I, Seeley
WW, Serrano-Pozo A, Shelanski ML, Stein T, Takao M, Thal DR, Toledo
JB, Troncoso JC, Vonsattel JP, White CL, 3rd, Wisniewski T, Woltjer RL,
Yamada M, Nelson PT (2014) Primary age-related tauopathy (PART): a
common pathology associated with human aging. Acta Neuropathol.
128(6):755-66. https://doi.org/10.1007/s00401-014-1349-0

9. Doran E, Keator D, Head E, Phelan MJ, Kim R, Totoiu M, Barrio JR,
Small GW, Potkin SG, Lott IT (2017) Down Syndrome, Partial Trisomy 21,
and Absence of Alzheimer’s Disease: The Role of APP. J Alzheimers
Dis.56(2):459-70. https://doi.org/10.3233/JAD-160836

10. Fortea J, Zaman SH, Hartley S, Rafii MS, Head E, Carmona-lragui M
(2021) Alzheimer’s disease associated with Down syndrome: a genetic
form of dementia. Lancet Neurol.20(11):930-42.
https://doi.org/10.1016/51474-4422(21)00245-3

11. Gomez W, Morales R, Maracaja-Coutinho V, Parra V, Nassif M
(2020) Down syndrome and Alzheimer’s disease: common molecular
traits beyond the amyloid precursor protein. Aging (Albany NY).12(1):
1011-33. https://doi.org/10.18632/aging.102677

freeneuropathology.org


https://doi.org/10.17879/freeneuropathology-2026-9406
https://doi.org/10.1212/WNL.0000000000209676
https://doi.org/10.1016/S1474-4422(16)00063-6
https://doi.org/10.1002/alz.70258
https://doi.org/10.1007/s00401-020-02198-8
https://doi.org/10.1007/s00401-006-0127-z
https://doi.org/10.12688/f1000research.7819.1
https://doi.org/10.1016/j.jalz.2017.03.007
https://doi.org/10.1007/s00401-014-1349-0
https://doi.org/10.3233/JAD-160836
https://doi.org/10.1016/S1474-4422(21)00245-3
https://doi.org/10.18632/aging.102677

Free Neuropathology 7:12 (2026)
DOI: https://doi.org/10.17879/freeneuropathology-2026-9406

12. Granholm AC, Hamlett ED (2024) The Role of Tau Pathology in
Alzheimer’s Disease and Down Syndrome. J Clin Med.13(5):1338.
https://doi.org/10.3390/jcm13051338

13. Harris GA, Hirschfeld LR, Gonzalez Ml, Pritchard MC, May PC (2025)
Revisiting the therapeutic landscape of tauopathies: assessing the
current pipeline and clinical trials. Alzheimers Res Ther.17(1):129.
https://doi.org/10.1186/s13195-025-01779-5

14. Head E, Lott IT, Wilcock DM, Lemere CA (2016) Aging in Down
Syndrome and the Development of Alzheimer’s Disease Neuropatho
logy. Curr Alzheimer Res.13(1):18-29.
https://doi.org/10.2174/1567205012666151020114607

15. Head E, Phelan MJ, Doran E, Kim RC, Poon WW, Schmitt FA, Lott IT
(2017) Cerebrovascular pathology in Down syndrome and Alzheimer
disease. Acta Neuropathol Commun.5(1):93.
https://doi.org/10.1186/s40478-017-0499-8

16. Hirano M, Iritani S, Fujishiro H, Torii Y, Kawashima K, Sekiguchi H,
Habuchi C, Yamada K, Ikeda T, Hasegawa M, Ikeuchi T, Yoshida M, Ozaki
N (2020) Globular glial tauopathy Type | presenting with behavioral
variant frontotemporal dementia. Neuropathology.40(5):515-25.
https://doi.org/10.1111/neup.12694

17. Huang LK, Kuan YC, Lin HW, Hu CJ (2023) Clinical trials of new drugs
for Alzheimer disease: a 2020-2023 update. J Biomed Sci.30(1):83.
https://doi.org/10.1186/s12929-023-00976-6

18. Ichimata S, Martinez-Valbuena |, Forrest SL, Kovacs GG (2022)
Expanding the spectrum of amyloid-beta plaque pathology: the Down
syndrome associated ’bird-nest plaque’. Acta Neuropathol.144(6):1171-
4. https://doi.org/10.1007/s00401-022-02500-w

19. lulita MF, Garzén Chavez D, Klitgaard Christensen M, Valle Tamayo
N, Plana-Ripoll O, Rasmussen SA, Roqué Figuls M, Alcolea D, Videla L,
Barroeta I, Benejam B, Altuna M, Padilla C, Pegueroles J, Fernandez S,
Belbin O, Carmona-Iragui M, Blesa R, Lle6 A, Bejanin A, Fortea J (2022)
Association of Alzheimer Disease With Life Expectancy in People With
Down Syndrome. JAMA Netw Open.5(5):e2212910.
https://doi.org/10.1001/jamanetworkopen.2022.12910

20. Janelidze S, Christian BT, Price J, Laymon C, Schupf N, Klunk WE, Lott
I, Silverman W, Rosas HD, Zaman S, Mapstone M, Lai F, Ances BM,
Handen BL, Hansson O (2022) Detection of Brain Tau Pathology in Down
Syndrome Using Plasma Biomarkers. JAMA Neurol.79(8):797-807.
https://doi.org/10.1001/jamaneurol.2022.1740

21. Ji C, Sigurdsson EM (2021) Current Status of Clinical Trials on Tau
Immunotherapies. Drugs.81(10):1135-52.
https://doi.org/10.1007/s40265-021-01540-3

22. Johannesson M, Sahlin C, Séderberg L, Basun H, Filting J, Méller C,
Zachrisson O, Sunnemark D, Svensson A, Odergren T, Lannfelt L (2021)
Elevated soluble amyloid beta protofibrils in Down syndrome and
Alzheimer’s disease. Mol Cell Neurosci.114:103641.
https://doi.org/10.1016/j.mcn.2021.103641

23. Kovacs GG, Ferrer |, Grinberg LT, Alafuzoff I, Attems J, Budka H,
Cairns NJ, Crary JF, Duyckaerts C, Ghetti B, Halliday GM, Ironside JW,
Love S, Mackenzie IR, Munoz DG, Murray ME, Nelson PT, Takahashi H,
Trojanowski JQ, Ansorge O, Arzberger T, Baborie A, Beach TG, Bieniek
KF, Bigio EH, Bodi I, Dugger BN, Feany M, Gelpi E, Gentleman SM,
Giaccone G, Hatanpaa KJ, Heale R, Hof PR, Hofer M, Hortobagyi T,
Jellinger K, Jicha GA, Ince P, Kofler J, Kovari E, Kril JJ, Mann DM, Matej R,
McKee AC, McLean C, Milenkovic I, Montine TJ, Murayama S, Lee EB,
Rahimi J, Rodriguez RD, Rozemuller A, Schneider JA, Schultz C, Seeley W,
Seilhean D, Smith C, Tagliavini F, Takao M, Thal DR, Toledo JB, Tolnay M,
Troncoso JC, Vinters HV, Weis S, Wharton SB, White CL, 3rd, Wisniewski
T, Woulfe JM, Yamada M, Dickson DW (2016) Aging-related tau
astrogliopathy (ARTAG): harmonized evaluation strategy. Acta
Neuropathol.131(1):87-102.
https://doi.org/10.1007/s00401-015-1509-x

Miyahara et a/
page 19 of 20

24. Lao P, Edwards N, Flores-Aguilar L, Alshikho M, Rizvi B, Tudorascu
D, Rosas HD, Yassa M, Christian BT, Mapstone M, Handen B, Zimmerman
ME, Gutierrez J, Wilcock D, Head E, Brickman AM (2024) Cerebro
vascular disease emerges with age and Alzheimer’s disease in adults
with Down syndrome. Sci Rep.14(1):12334.
https://doi.org/10.1038/s41598-024-62835-0

25. Le TV, Crook R, Hardy J, Dickson DW (2001) Cotton wool plaques in
non-familial late-onset Alzheimer disease. J Neuropathol Exp Neurol.60
(11):1051-61. https://doi.org/10.1093/inen/60.11.1051

26. LiuLl, Saba A, Pascual JR, Miller MB, Hennessey EL, Lott IT, Brickman
AM, Wilcock DM, Harp JP, Schmitt FA, Selkoe DJ, Chhatwal JP, Head E
(2024) Lecanemab and Vascular-Amyloid Deposition in Brains of People
With Down Syndrome. JAMA Neurol.81(10):1066-72.
https://doi.org/10.1001/jamaneurol.2024.2679

27. McKeith IG, Boeve BF, Dickson DW, Halliday G, Taylor JP, Weintraub
D, Aarsland D, Galvin J, Attems J, Ballard CG, Bayston A, Beach TG, Blanc
F, Bohnen N, Bonanni L, Bras J, Brundin P, Burn D, Chen-Plotkin A, Duda
JE, El-Agnaf O, Feldman H, Ferman TJ, Ffytche D, Fujishiro H, Galasko D,
Goldman JG, Gomperts SN, Graff-Radford NR, Honig LS, Iranzo A,
Kantarci K, Kaufer D, Kukull W, Lee VMY, Leverenz JB, Lewis S, Lippa C,
Lunde A, Masellis M, Masliah E, McLean P, Mollenhauer B, Montine TJ,
Moreno E, Mori E, Murray M, O’Brien JT, Orimo S, Postuma RB,
Ramaswamy S, Ross OA, Salmon DP, Singleton A, Taylor A, Thomas A,
Tiraboschi P, Toledo JB, Trojanowski JQ, Tsuang D, Walker Z, Yamada M,
Kosaka K (2017) Diagnosis and management of dementia with Lewy
bodies: Fourth consensus report of the DLB Consortium. Neurology.
89(1):88-100. https://doi.org/10.1212/WNL.0000000000004058

28. Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, Brownlee LM,
Vogel FS, Hughes JP, van Belle G, Berg L (1991) The Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD). Part Il. Stand-
ardization of the neuropathologic assessment of Alzheimer’s disease.
Neurology.41(4):479-86. https://doi.org/10.1212/WNL.41.4.479

29. Miyahara H, Tamai C, Inoue M, Sekiguchi K, Tahara D, Tahara N,
Takeda K, Arafuka S, Moriyoshi H, Koizumi R, Akagi A, Riku Y, Sone J,
Yoshida M, Ihara K, Iwasaki Y (2023) Neuropathological hallmarks in
autopsied cases with mitochondrial diseases caused by the mitochon-
drial 3243A>G mutation. Brain Pathol.33(6):e13199.
https://doi.org/10.1111/bpa.13199

30. Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson DW,
Duyckaerts C, Frosch MP, Masliah E, Mirra SS, Nelson PT, Schneider JA,
Thal DR, Trojanowski JQ, Vinters HV, Hyman BT (2012) National Institute
on Aging-Alzheimer’s Association guidelines for the neuropathologic
assessment of Alzheimer’s disease: a practical approach. Acta Neuro-
pathol.123(1):1-11. https://doi.org/10.1007/s00401-011-0910-3

31. Nelson PT, Dickson DW, Trojanowski JQ, Jack CR, Boyle PA,
Arfanakis K, Rademakers R, Alafuzoff I, Attems J, Brayne C, Coyle-
Gilchrist ITS, Chui HC, Fardo DW, Flanagan ME, Halliday G, Hokkanen
SRK, Hunter S, Jicha GA, Katsumata Y, Kawas CH, Keene CD, Kovacs GG,
Kukull WA, Levey Al, Makkinejad N, Montine TJ, Murayama S, Murray
ME, Nag S, Rissman RA, Seeley WW, Sperling RA, White CL, 3rd, Yu L,
Schneider JA (2019) Limbic-predominant age-related TDP-43 encepha-
lopathy (LATE): consensus working group report. Brain.142(6):1503-27.
https://doi.org/10.1093/brain/awz099

32. Penny LK, Lofthouse R, Arastoo M, Porter A, Palliyil S, Harrington
CR, Wischik CM (2024) Considerations for biomarker strategies in
clinical trials investigating tau-targeting therapeutics for Alzheimer’s
disease. Transl Neurodegener.13(1):25.
https://doi.org/10.1186/s40035-024-00414-z

33. Rivier CA, Kamel H, Sheth KN, ladecola C, Gupta A, de Leon MJ, Ross
E, Falcone GJ, Murthy SB (2024) Cerebral Amyloid Angiopathy and Risk
of Isolated Nontraumatic Subdural Hemorrhage. JAMA Neurol.81(2):
163-9. https://doi.org/10.1001/jamaneurol.2023.4608

freeneuropathology.org


https://doi.org/10.17879/freeneuropathology-2026-9406
https://doi.org/10.3390/jcm13051338
https://doi.org/10.1186/s13195-025-01779-5
https://doi.org/10.2174/1567205012666151020114607
https://doi.org/10.1186/s40478-017-0499-8
https://doi.org/10.1111/neup.12694
https://doi.org/10.1186/s12929-023-00976-6
https://doi.org/10.1007/s00401-022-02500-w
https://doi.org/10.1001/jamanetworkopen.2022.12910
https://doi.org/10.1001/jamaneurol.2022.1740
https://doi.org/10.1007/s40265-021-01540-3
https://doi.org/10.1016/j.mcn.2021.103641
https://doi.org/10.1007/s00401-015-1509-x
https://doi.org/10.1038/s41598-024-62835-0
https://doi.org/10.1093/jnen/60.11.1051
https://doi.org/10.1001/jamaneurol.2024.2679
https://doi.org/10.1212/WNL.0000000000004058
https://doi.org/10.1212/WNL.41.4.479
https://doi.org/10.1111/bpa.13199
https://doi.org/10.1007/s00401-011-0910-3
https://doi.org/10.1093/brain/awz099
https://doi.org/10.1186/s40035-024-00414-z
https://doi.org/10.1001/jamaneurol.2023.4608

Free Neuropathology 7:12 (2026)
DOI: https://doi.org/10.17879/freeneuropathology-2026-9406

34. Saito Y, Ruberu NN, Sawabe M, Arai T, Tanaka N, Kakuta Y,
Yamanouchi H, Murayama S (2004) Staging of argyrophilic grains: an
age-associated tauopathy. J Neuropathol Exp Neurol.63(9):911-8.
https://doi.org/10.1093/jnen/63.9.911

35. Schworer EK, Zammit MD, Wang J, Handen BL, Betthauser T,
Laymon CM, Tudorascu DL, Cohen AD, Zaman SH, Ances BM, Mapstone
M, Head E, Christian BT, Hartley SL (2024) Timeline to symptomatic
Alzheimer’s disease in people with Down syndrome as assessed by
amyloid-PET and tau-PET: a longitudinal cohort study. Lancet Neurol.23
(12):1214-24. https://doi.org/10.1016/51474-4422(24)00426-5

36. Sims JR, Zimmer JA, Evans CD, Lu M, Ardayfio P, Sparks J, Wessels
AM, Shcherbinin S, Wang H, Monkul Nery ES, Collins EC, Solomon P,
Salloway S, Apostolova LG, Hansson O, Ritchie C, Brooks DA, Mintun M,
Skovronsky DM (2023) Donanemab in Early Symptomatic Alzheimer
Disease: The TRAILBLAZER-ALZ 2 Randomized Clinical Trial. JAMA.330
(6):512-27. https://doi.org/10.1001/jama.2023.13239

37. Soderberg L, Johannesson M, Nygren P, Laudon H, Eriksson F, Sahlin
C, Méller C, Lannfelt L (2024) Lecanemab, Aducanumab, and Gante-
nerumab — Binding Profiles to Different Forms of Amyloid-Beta Might
Explain Efficacy and Side Effects in Clinical Trials for Alzheimer’s Disease.
Neurotherapeutics.20(1):195-206.
https://doi.org/10.1007/s13311-022-01308-6

38. Sperling RA, Jack CR Jr, Black SE, Frosch MP, Greenberg SM, Hyman
BT, Scheltens P, Carrillo MC, Thies W, Bednar MM, Black RS, Brashear
HR, Grundman M, Siemers ER, Feldman HH, Schindler R} (2011)
Amyloid-related imaging abnormalities in amyloid-modifying therap-
eutic trials: recommendations from the Alzheimer’s Association
Research Roundtable Workgroup. Alzheimers Dement.7(4):367-85.
https://doi.org/10.1016/j.jalz.2011.05.2351

39. Szalardy L, Lee S, Kim A, Kovacs GG (2025) Distinct cerebral amyloid
angiopathy patterns in adult Down syndrome. J Neurol Sci.476:123601.
https://doi.org/10.1016/j.jns.2025.123601

40. Takashima S, Becker LE (1985) Basal ganglia calcification in Down'’s
syndrome. J Neurol Neurosurg Psychiatry.48(1):61-4.
https://doi.org/10.1136/jnnp.48.1.61

41. Thal DR, Del Tredici K, Ludolph AC, Hoozemans JJ, Rozemuller AJ,
Braak H, Knippschild U (2011) Stages of granulovacuolar degeneration:
their relation to Alzheimer’s disease and chronic stress response. Acta
Neuropathol.122(5):577-89.
https://doi.org/10.1007/s00401-011-0884-1

Miyahara et a/
page 20 of 20

42. Thal DR, Ghebremedhin E, Orantes M, Wiestler OD (2003) Vascular
pathology in Alzheimer disease: correlation of cerebral amyloid
angiopathy and arteriosclerosis/lipohyalinosis with cognitive decline. J
Neuropathol Exp Neurol.62(12):1287-301.

https://doi.org/10.1093/jnen/62.12.1287

43, Thal DR, Ghebremedhin E, Rub U, Yamaguchi H, Del Tredici K, Braak
H (2002) Two types of sporadic cerebral amyloid angiopathy. J Neuro-
pathol Exp Neurol.61(3):282-93.https://doi.org/10.1093/inen/61.3.282

44, Thal DR, Rub U, Orantes M, Braak H (2002) Phases of A beta-depo-
sition in the human brain and its relevance for the development of AD.
Neurology.58(12):1791-800. https://doi.org/10.1212/WNL.58.12.1791

45, Tsering W, Prokop S (2024) Neuritic Plaques - Gateways to
Understanding Alzheimer’s Disease. Mol Neurobiol.61(5):2808-21.
https://doi.org/10.1007/s12035-023-03700-x

46. van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee M,
Kanekiyo M, Li D, Reyderman L, Cohen S, Froelich L, Katayama S,
Sabbagh M, Vellas B, Watson D, Dhadda S, Irizarry M, Kramer LD,
Iwatsubo T (2023) Lecanemab in Early Alzheimer’s Disease. N Engl J
Med.388(1):9-21. https://doi.org/10.1056/NEJM0a2212948

47. Vonsattel JP, Myers RH, Hedley-Whyte ET, Ropper AH, Bird ED,
Richardson EP Jr (1991) Cerebral amyloid angiopathy without and with
cerebral hemorrhages: a comparative histological study. Ann Neurol.30
(5):637-49. https://doi.org/10.1002/ana.410300503

48. Wisniewski KE, French JH, Rosen JF, Kozlowski PB, Tenner M,
Wisniewski HM (1982) Basal ganglia calcification (BGC) in Down’s syn-
drome (DS)--another manifestation of premature aging. Ann N Y Acad
Sci.396:179-89. https://doi.org/10.1111/j.1749-6632.1982.tb27530.x

49. Yamaguchi H, Hirai S, Morimatsu M, Shoji M, Harigaya Y (1988)
Diffuse type of senile plaques in the brains of Alzheimer-type dementia.
Acta Neuropathol.77(2):113-9. https://doi.org/10.1007/BF00687700

50. Zhangy, Chen H, Li R, Sterling K, Song W (2023) Amyloid beta-based
therapy for Alzheimer’s disease: challenges, successes and future. Signal
Transduct Target Ther.8(1):248.
https://doi.org/10.1038/s41392-023-01484-7

freeneuropathology.org


https://doi.org/10.17879/freeneuropathology-2026-9406
https://doi.org/10.1093/jnen/63.9.911
https://doi.org/10.1016/S1474-4422(24)00426-5
https://doi.org/10.1001/jama.2023.13239
https://doi.org/10.1007/s13311-022-01308-6
https://doi.org/10.1016/j.jalz.2011.05.2351
https://doi.org/10.1016/j.jns.2025.123601
https://doi.org/10.1136/jnnp.48.1.61
https://doi.org/10.1007/s00401-011-0884-1
https://doi.org/10.1093/jnen/62.12.1287
https://doi.org/10.1093/jnen/61.3.282
https://doi.org/10.1212/WNL.58.12.1791
https://doi.org/10.1007/s12035-023-03700-x
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1002/ana.410300503
https://doi.org/10.1111/j.1749-6632.1982.tb27530.x
https://doi.org/10.1007/BF00687700
https://doi.org/10.1038/s41392-023-01484-7

	Introduction
	Materials and methods
	Enrolled autopsied patients and their clinical  information
	Histological and immunohistochemical analyses
	Assessment of aging-related pathologies

	Results
	Clinical and autopsy information in DS patient and control individuals
	ADNC in DS brains
	CAA in DS brains
	Hemorrhagic alterations in DS brains
	GVD in DS brains
	LBD in DS brains
	Associations among neuropathological alterations in DS patients
	Other aging-related pathologies in DS brains

	Discussion
	Ethics approval statement
	Data availability statement
	Author contributions
	Declaration of generative AI
	Conflict of interest statement
	Funding statement
	References

