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Summary
Background Important insights into the early pathogenesis of Alzheimer’s disease can be provided by studies of 
autosomal dominant Alzheimer’s disease and Down syndrome. However, it is unclear whether the timing and spatial 
distribution of amyloid accumulation differs between people with autosomal dominant Alzheimer’s disease and those 
with Down syndrome. We aimed to directly compare amyloid changes between these two groups of people.

Methods In this cross-sectional study, we included participants (aged ≥25 years) with Down syndrome and sibling 
controls who had MRI and amyloid PET scans in the first data release (January, 2020) of the Alzheimer’s Biomarker 
Consortium-Down Syndrome (ABC-DS) study. We also included carriers of autosomal dominant Alzheimer’s disease 
genetic mutations and non-carrier familial controls who were within a similar age range to ABC-DS participants 
(25–73 years) and had MRI and amyloid PET scans at the time of a data freeze (December, 2020) of the Dominantly 
Inherited Alzheimer Network (DIAN) study. Controls from the two studies were combined into a single group. All 
DIAN study participants had genetic testing to determine PSEN1, PSEN2, or APP mutation status. APOE genotype was 
determined from blood samples. CSF samples were collected in a subset of ABC-DS and DIAN participants and the 
ratio of amyloid β42 (Aβ42) to Aβ40 (Aβ42/40) was measured to evaluate its Spearman’s correlation with amyloid PET. 
Global PET amyloid burden was compared with regards to cognitive status, APOE ε4 status, sex, age, and estimated 
years to symptom onset. We further analysed amyloid PET deposition by autosomal dominant mutation type. We also 
assessed regional patterns of amyloid accumulation by estimated number of years to symptom onset. Within a subset of 
participants the relationship between amyloid PET and CSF Aβ42/40 was evaluated.

Findings 192 individuals with Down syndrome and 33 sibling controls from the ABC-DS study and 265 carriers of 
autosomal dominant Alzheimer’s disease mutations and 169 non-carrier familial controls from the DIAN study were 
included in our analyses. PET amyloid centiloid and CSF Aβ42/40 were negatively correlated in carriers of autosomal 
dominant Alzheimer’s disease mutations (n=216; r=–0∙565; p<0∙0001) and in people with Down syndrome (n=32; 
r=–0∙801; p<0∙0001). There was no difference in global PET amyloid burden between asymptomatic people with 
Down syndrome (mean 18∙80 centiloids [SD 28∙33]) versus asymptomatic mutation carriers (24∙61 centiloids [30∙27]; 
p=0∙11) and between symptomatic people with Down syndrome (77∙25 centiloids [41∙76]) versus symptomatic mutation 
carriers (69∙15 centiloids [51∙10]; p=0∙34). APOE ε4 status and sex had no effect on global amyloid PET deposition. 
Amyloid deposition was elevated significantly earlier in mutation carriers than in participants with Down syndrome 
(estimated years to symptom onset –23∙0 vs –17∙5; p=0∙0002). PSEN1 mutations primarily drove this difference. Early 
amyloid accumulation occurred in striatal and cortical regions for both mutation carriers (n=265) and people with 
Down syndrome (n=128). Although mutation carriers had widespread amyloid accumulation in all cortical regions, the 
medial occipital regions were spared in people with Down syndrome.

Interpretation Despite minor differences, amyloid PET changes were similar between people with autosomal dominant 
Alzheimer’s disease versus Down syndrome and strongly supported early amyloid dysregulation in individuals with 
Down syndrome. Individuals with Down syndrome aged at least 35 years might benefit from early intervention and 
warrant future inclusion in clinical trials, particularly given the relatively high incidence of Down syndrome.

Funding The National Institute on Aging, Riney and Brennan Funds, the Eunice Kennedy Shriver National Institute of 
Child Health and Human Development, the German Center for Neurodegenerative Diseases, and the Japan Agency for 
Medical Research and Development. 

Copyright © 2022 Published by Elsevier Ltd. All rights reserved.

Lancet Neurol 2023; 22: 55–65

See Comment page 5

*Members listed in the 
appendix (p 11)

Department of Neurology 
(A H Boerwinkle BS, J Wisch PhD, 
R L Henson MS, O H Butt MD, 
Prof A M Fagan PhD, 
Prof R J Perrin MD, 
J Hassenstab PhD, 
Prof E McDade DO, 
Prof R J Bateman MD, 
Prof B M Ances MD), Hope 
Center for Neurological 
Disorders (B A Gordon PhD, 
Prof T L S Benzinger MD, 
Prof A M Fagan, 
Prof C Cruchaga PhD, 
Prof R J Perrin, Prof R J Bateman, 
Prof B M Ances), Department of 
Radiology (B A Gordon, 
S Flores BS, N McKay PhD, 
C D Chen BA, 
Prof T L S Benzinger, 
Prof B M Ances), Department of 
Psychiatry (Prof C Cruchaga), 
Department of Pathology and 
Immunology (Prof R J Perrin), 
and Division of Biostatistics, 
Washington University School 
of Medicine (Prof C Xiong PhD), 
Washington University in 
St Louis, St Louis, MO, USA; 
Department of Psychiatry, 
University of Pittsburgh, 
Pittsburgh, PA, USA 
(Prof B L Handen PhD); 
Department of Medical Physics 
and Psychiatry, University of 
Wisconsin–Madison, Madison, 
WI, USA (Prof B T Christian PhD);
Department of Pathology and 
Laboratory Medicine 
(Prof E Head PhD), Department 
of Neurology 
(Prof M Mapstone PhD), and 
Department of Pediatrics 
(Prof W Silverman PhD), 
University of California Irvine 
School of Medicine, University 
of California, Irvine, CA, USA; 
Alzheimer’s Therapeutic 
Research Institute, Keck 
School of Medicine of USC,

www.e-tarjome.com

http://crossmark.crossref.org/dialog/?doi=10.1016/S1474-4422(22)00408-2&domain=pdf
www.e-tarjome.com


Articles

56 www.thelancet.com/neurology   Vol 22   January 2023

 Los Angeles, CA, USA 
(Prof M S Rafii MD); Institute for 

Translational Research, 
University of North Texas 

Health Science Center, Fort 
Worth, TX, USA 

(Prof S O’Bryant PhD); 
Department of Neurology, 

Harvard Medical School, 
Massachusetts General 

Hospital and Brigham and 
Women’s Hospital, Boston, 

MA, USA (Prof F Lai MD, 
Prof H D Rosas MD, 

Prof J P Chhatwal MD); 
Department of Neurology 

(Prof J H Lee DrPH, 
Prof A M Brickman PhD), 

Department of Epidemiology 
(Prof J H Lee), Taub Institute for 

Research on 
Alzheimer’s Disease and the 

Aging Brain 
(Prof A M Brickman), and 

G H Sergievsky Center 
(Prof A M Brickman), Vagelos 

College of Physicians and 
Surgeons, Columbia University, 

New York, NY, USA

Correspondence to: 
Prof Beau M Ances, Department 

of Neurology, Washington 
University in St Louis, St Louis, 

MO 63110, USA 
bances@wustl.edu

See Online for appendix

Introduction
Down syndrome, caused by full or partial triplication of 
chromosome 21, is one of the most common genetic 
disorders, with approximately one in 700 children born 
with Down syndrome in the USA each year.1 Due to this 
triplication, individuals with Down syndrome have an 
extra copy of the APP gene and overproduce 
amyloid β (Aβ). Consequently, almost all adults with 
Down syndrome develop amyloid plaques and tau 
neurofibrillary tangles, which are the hallmarks of 
Alzheimer’s disease.2 Given this fact and the substantial 
increase in life expectancy in people with Down 
syndrome, there is a growing population of adults with 
Down syndrome developing Alzheimer’s disease.1,3

Previous studies have used cognition, fluid biomarker, 
and imaging measures to understand the presentation 
and progression of Alzheimer’s disease in individuals 
with Down syndrome.3–6 The cognitive symptoms of 
Alzheimer’s disease develop at approximately 50–55 years-
of-age in people with Down syndrome, with CSF markers 
changing years before the onset of these symptoms.3–5 
PET imaging studies have also identified amyloid 
accumulation in cortical and subcortical brain regions 
years before the presentation of clinical symptoms.6 
However, questions remain regarding the nature of 
amyloid deposition in individuals with Down syndrome 

versus individuals with other forms of Alzheimer’s disease, 
particularly autosomal dominant Alzheimer’s disease.

Autosomal dominant Alzheimer’s disease, another 
genetic form of Alzheimer’s disease, is caused by 
mutations in PSEN1, PSEN2, or APP that lead to altered 
amyloid concentrations. Similar to Down syndrome, 
carriers of these mutations develop Alzheimer’s disease 
at an earlier age (30–60 years) than do individuals with 
late-onset Alzheimer’s disease (≥65 years).7 Much of our 
understanding about the biomarker cascade in sporadic 
Alzheimer’s disease comes from research of genetic 
forms of the disease, particularly autosomal dominant 
Alzheimer’s disease.8 However, although mutations 
causing autosomal dominant Alzheimer’s disease are 
relatively rare, Down syndrome is the most common 
chromosomal abnormality and is the more common 
genetic form of Alzheimer’s disease.

Studies assessing biomarker changes in Down syndrome 
and autosomal dominant Alzheimer’s disease suggest 
similarities between these two genetic forms of 
Alzheimer’s disease.2 As of February, 2022, only two studies 
have directly compared Down syndrome with autosomal 
dominant Alzheimer’s disease, but were done with a small 
number of individuals.9,10 One study10 comparing amyloid 
deposition by PET found no differences between people 
with autosomal dominant Alzheimer’s disease mutations 

Research in context

Evidence before this study
We searched PubMed for articles in English published between 
May 1, 2021, and Feb 27, 2022, relating to measures of cerebral 
amyloid in individuals with Down syndrome or autosomal 
dominant Alzheimer’s disease. Search terms included “amyloid”, 
“Alzheimer disease”, “Alzheimer’s disease”, “autosomal 
dominant”, “cerebral”, “cerebrospinal fluid”, “Down syndrome”, 
“familial”, and “positron emission tomography”. Most previous 
studies examining amyloid changes in Down syndrome were 
limited by the absence of a comparison with autosomal 
dominant Alzheimer’s disease. Only two studies directly 
compared the two cohorts but were limited in sample size and 
generalisability. The first study reported no differences in 
amyloid PET accumulation between individuals with 
Down syndrome and people with autosomal dominant 
Alzheimer’s disease, but included only amyloid-positive 
asymptomatic individuals. The second study evaluated 
CSF biomarkers and found significantly higher amyloid β40 
and amyloid β42 concentrations in individuals with Down 
syndrome versus those with autosomal dominant Alzheimer’s 
disease.

Added value of this study
To our knowledge, this study is the largest to date looking at 
amyloid changes in people with genetic forms of 
Alzheimer’s disease. Our study compared amyloid burden on 
PET between individuals with Down syndrome and people 
carrying autosomal dominant Alzheimer’s disease mutations to 

assess global and regional amyloid deposition as a function of 
cognitive performance and age. We also investigated a subset 
of participants with CSF measures of amyloid to analyse 
amyloid PET in relation to CSF amyloid concentrations to study 
the relationship between amyloid clearance and deposition.

Implications of all the available evidence
In our study, amyloid accumulation occurred significantly earlier 
before symptom onset in carriers of autosomal dominant 
Alzheimer’s disease mutations (–23∙0 years) than in people with 
Down syndrome (–17∙5 years), implying the presence of a 
potential protective factor delaying amyloid accumulation in 
individuals with Down syndrome. These findings build on 
previous evidence that amyloid changes measured by CSF occur 
before cerebral accumulation measured by PET in two different 
genetic causes of Alzheimer’s disease. Despite the relatively 
higher incidence of Down syndrome compared with autosomal 
dominant Alzheimer’s disease, previous clinical trials in genetic 
forms of Alzheimer’s disease have mainly focused on autosomal 
dominant Alzheimer’s disease. Clinical trials in individuals with 
Down syndrome could help to examine how amyloid-directed 
interventions might slow, prevent, or treat Alzheimer’s disease. 
The timing and spatial distribution of amyloid accumulation is 
important to consider when designing and recruiting 
participants for clinical trials of amyloid-targeting therapies. The 
similarities we have found in the pattern of amyloid changes 
suggest the presence of potential overlap for Alzheimer’s disease 
therapies within genetic forms of Alzheimer’s disease.
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and people with Down syndrome, but included only 
amyloid-positive asymptomatic participants. Another 
study,9 which evaluated CSF biomarkers, reported greater 
CSF Aβ40 and Aβ42 concentrations in people with 
Down syndrome, whether asymptomatic or symptomatic 
for Alzheimer’s disease, than in people with autosomal 
dominant Alzheimer’s disease. These studies suggest that, 
although Alzheimer’s disease pathology might be similar 
for people with Down syndrome versus autosomal 
dominant Alzheimer’s disease, subtle differences might 
exist and might influence our understanding of genetic 
forms of Alzheimer’s disease.

We aimed to evaluate amyloid deposition in two large 
cohorts of people with genetic causes of Alzheimer’s disease 
(Down syndrome vs autosomal dominant). We analysed 
amyloid PET in relation to CSF amyloid concentrations to 
study the relationship between amyloid clearance and 
deposition. We also assessed global and regional amyloid 
PET as a function of cognitive performance and age for 
individuals with Down syndrome and autosomal 
dominant Alzheimer’s disease. Due to evidence of 
heterogeneity in amyloid accumulation between patients 
with autosomal dominant Alzheimer’s disease caused by 
different mutations, we also aimed to compare amyloid 
PET measures by mutation type.11 These comparisons will 
enhance our understanding of genetic forms of 
Alzheimer’s disease and might have important impli-
cations for more common forms of Alzheimer’s disease, 
including late-onset Alzheimer’s disease. Given the 
development of novel therapeutics designed to reduce 
amyloid deposition, our results will have relevance to the 
use of potential anti-amyloid therapies in individuals with 
genetic forms of Alzheimer’s disease, particularly because 
clinical trials are now being considered for adults with 
Down syndrome.12 

Methods
Study design and participants
In this cross-sectional study, we sourced data from the 
Alzheimer’s Biomarker Consortium-Down Syndrome 
(ABC-DS) study, which enrols adults (aged ≥25 years) 
with Down syndrome and sibling controls from nine sites 
in the USA and the UK and collects longitudinal clinical, 
cognitive, imaging, and fluid biomarker data. For this 
analysis, we only included participants from the first 
data release (January, 2020) who had MRI and 
amyloid PET scans. We also sourced data from the obser-
vational, longitudinal Dominantly Inherited Alzheimer 
Network (DIAN) study, which enrols individuals (aged 
≥18 years) from families with an autosomal dominant 
Alzheimer’s disease genetic mutation, from 20 sites in ten 
countries worldwide. For this analysis, we included carriers 
of autosomal dominant Alzheimer’s disease mutations 
and non-carrier familial controls within DIAN at data 
freeze 15 (December, 2020) who were within a similar age 
range to ABC-DS participants (25–73 years) and who had 
MRI and amyloid PET scans. Informed consent or assent 

was obtained from all participants, and from their legally 
authorised representative when necessary. Study protocols 
were approved by the local institutional review boards of all 
ABC-DS and DIAN sites.

Procedures
In the ABC-DS study, participants with Down syndrome 
are given a clinical dementia diagnosis by a committee 
with clinical training or extensive experience in evaluating 
dementia in individuals with Down syndrome. This 
committee considers several variables (appendix p 1) to 
derive a consensus diagnosis of either cognitively stable, 
mild cognitive impairment, or dementia due to 
Alzheimer’s disease. If no consensus is reached, a 
diagnosis of no consensus is given. For some analyses, 
individuals with a consensus diagnosis of cognitively 
stable were categorised as asymptomatic and those with a 
consensus diagnosis of mild cognitive impairment or 
dementia due to Alzheimer’s disease were categorised as 
symptomatic.

Cognitive status for DIAN participants was determined 
by use of the Clinical Dementia Rating (CDR) scale, on 
which a score of 0 indicates normal cognitive function, a 
score of 0∙5 represents very mild dementia, a score of 1 
represents mild dementia, a score of 2 represents 
moderate dementia, and a score of 3 represents severe 
dementia. Only non-carrier control participants with a 
CDR of 0 were included. For some analyses, participants 
with autosomal dominant mutations were categorised as 
asymptomatic (CDR 0) or symptomatic (CDR >0) or as 
having mild cognitive impairment (CDR 0∙5–1) or 
Alzheimer’s disease (CDR>1).

For participants with Down syndrome, karyotype was 
obtained from medical records or genetic testing. All 
DIAN study participants had genetic testing to determine 
PSEN1, PSEN2, or APP mutation status. For the analyses 
considering autosomal dominant Alzheimer’s disease 
mutation type, mutation carriers were categorised into 
four groups: mutation in PSEN1 before codon 200; 
mutation in PSEN1 after codon 200; PSEN2 mutation; or 
APP mutation. Individuals carrying the APP Glu693Gln 
mutation were excluded from these analyses due to 
evidence of inconsistent PET tracer uptake.13 

CSF samples were collected in a subset of ABC-DS and 
DIAN participants who agreed to have a lumbar puncture, 
and were processed centrally (Washington University in 
St Louis, St Louis, MO, USA). Concentrations of Aβ40 and 
Aβ42 were measured by use of the Lumipulse G1200 
platform (Fujirebio; Malvern, PA, USA; appendix p 1). 
APOE genotype was determined from blood samples by 
use of KASP genotyping assays (LGC Genomics; Beverly, 
MA, USA) for ABC-DS participants and a TaqMan assay 
(Applied Biosystems; Waltham, MA, USA) for DIAN 
participants. Individuals were categorised as APOE ε4-
positive if they had at least one ε4 allele.

T1-weighted MRI scans were collected for ABC-DS and 
DIAN participants on 3-T MRI scanners and segmented 

For the DIAN study see https://
dian.wustl.edu/our-research/
observational-study/

For the ABC-DS study see 
https://www.nia.nih.gov/
research/abc-ds

https://www.nia.nih.gov/research/abc-ds
https://dian.wustl.edu/our-research/observational-study/
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into regions of interest by use of FreeSurfer 5.3-HCP, with 
identical quality control procedures in each study.  
ABC-DS participants had amyloid PET with [¹¹C]-
Pittsburgh compound B ([¹¹C]-PiB) or [¹⁸F]-AV45 (flor-
betapir; appendix p 1) lasting 20 min (four 5-min frames) 
at 50–70 min after bolus injection. DIAN participants had 
amyloid PET with [¹¹C]-PiB (appendix p 1), which either 
started at the time of injection and lasted for 70 min or 
was run between 40 min and 70 min after injection. All 
PET images were processed and aligned to FreeSurfer 
MRI segmentation by use of an established processing 
pipeline (the PET Unified Pipeline). Regional standard 
uptake value ratios were calculated by use of the cerebellar 
cortex as the reference region. Because the ABC-DS study 
used different tracers, standard uptake value ratios were 
transformed to the centiloid scale (appendix p 1).14 [¹¹C]-PiB 
standard uptake value ratios were calculated from the 
50–70 min post-injection time window for both studies 
and underwent partial volume correction.

Statistical analysis
We combined controls from the ABC-DS and DIAN 
studies into a single group. We evaluated differences in 
demographic characteristics between controls, autosomal 
dominant Alzheimer’s disease mutation carriers, and 
people with Down syndrome using χ² tests for categorical 
variables and Kruskal–Wallis rank sum tests for continuous 
variables after determining a non-normal distribution 
using the Kolmogorov–Smirnoff test. If differences were 
significant, post-hoc two-sample tests were done (χ² test 
for categorical variables and Mann-Whitney U test for 
continuous variables).

We assessed the correlation between CSF measures of 
amyloid concentration and amyloid PET uptake using 
Spearman’s correlation test. We plotted global amyloid 
PET deposition (in centiloids) as a function of CSF Aβ42 
to Aβ40 ratio (Aβ42/40), Aβ42, and Aβ40, and analysed 
the correlation between these measures for carriers of 
autosomal dominant Alzheimer’s disease mutations and 
people with Down syndrome categorised by cognitive 
status.

We used Mann–Whitney U tests to examine differences 
in amyloid accumulation between groups categorised by 
cognitive status (controls, asymptomatic people with 
Down syndrome, symptomatic people with Down 
syndrome, asymptomatic carriers of autosomal dominant 
Alzheimer’s disease mutations, and sympto matic carriers 
of autosomal dominant Alzheimer’s disease mutations) 
and within these five groups by APOE ε4 status and sex, as 
previous studies of late-onset disease have reported an 
effect on amyloid for these variables.15–20 Individuals with 
no committee consensus were excluded from comparisons 
by cognitive status. We further delineated the symptomatic 
groups into mild cognitive impairment versus Alzheimer’s 
disease to analyse differences in amyloid accumulation. 
The Benjamini–Hochberg procedure was used to correct 
for multiple comparisons.

Using a bootstrapping approach and a generalised 
additive model with a cubic regression spline (appendix 
p 2), we assessed amyloid PET deposition bet ween 
controls, carriers of autosomal dominant Alzheimer’s 
disease mutations, and people with Down syndrome as a 
function of age and estimated years to symptom onset, as 
Alzheimer’s disease progression is typically evaluated in 
people with autosomal dominant disease as a function of 
estimated years to symptom onset. The median estimated 
number of years to symptom onset or the median age at 
which amyloid accumulation for mutation carriers or 
people with Down syndrome became significantly elevated 
versus controls were calculated and compared to identify 
whether accumulation began significantly later in either 
group. For DIAN participants, the number of years to 
symptom onset was estimated by subtracting an 
individual’s current age from the age at which their parent 
began to have symptoms.7 Because a method to calculate 
the number of years to symptom onset in individuals with 
Down syndrome has not been established, we estimated 

Controls 
(n=202)

Down syndrome 
(n=192)

Autosomal 
dominant 
Alzheimer’s disease 
(n=265)

p value

Age, years 40 
(33 to 49)

41 
(35 to 49)

39 
(33 to 48)

0∙14

Sex ∙∙ ∙∙ ∙∙ 0∙0029

Female 123 (61%) 84 (44%)* 140 (53%) ∙∙

Male 79 (39%) 108 (56%) 125 (47%) ∙∙

Race ∙∙ ∙∙ ∙∙ 0∙027

White 186 (92%) 184 (96%)† 232 (88%) ∙∙

Black or African American <3 (1%)‡ 2 (1%) <3 (1%)‡ ∙∙

Unknown 3 (1%) 0 <3 (1%)‡ ∙∙

Other 12 (6%) 6 (3%) 29 (11%) ∙∙

APOE ε4-positive 57 (28%) 38 (20%) 78 (29%) 0∙059

Cognitive status ∙∙ ∙∙ ∙∙ <0∙0001

Asymptomatic 202 (100%) 155 (81%)*† 164 (62%)* ∙∙

Symptomatic 0 28 (15%) 101 (38%) ∙∙

No consensus NA 9 (5%) NA ∙∙

Down syndrome type§ ∙∙ ∙∙ ∙∙ ∙∙

Full trisomy 21 NA 168 (88%) NA ∙∙

Translocation NA 12 (6%) NA ∙∙

Mosaicism NA 6 (3%) NA ∙∙

Autosomal dominant mutation NA NA ∙∙ ∙∙

PSEN1 NA NA 202 (76%) ∙∙

PSEN2 NA NA 22 (8%) ∙∙

APP NA NA 41 (15%) ∙∙

Centiloid score –2∙93 
(–5∙66 to –0∙07)

8∙45 
(1∙32 to 49∙78)*†

31∙72 
(4∙58 to 67∙19)*

<0∙0001

Data are median (IQR) or n (%). p values refer to comparisons among all three groups. NA=not applicable. *Significantly 
different from control group (p<0∙05 after Benjamini–Hochberg correction for multiple comparisons). †Significantly 
different from mutation carriers (p<0∙05 after Benjamini–Hochberg correction for multiple comparisons). ‡Due to 
unblinding concerns, it is the policy of DIAN to not include exact values when demographic numbers are <5. §Karyotype 
information was not available in six individuals with Down syndrome; however, in these individuals, the diagnosis of 
Down syndrome was confirmed by medical records.

Table: Participant characteristics

For more on FreeSurfer see 
https://surfer.nmr.mgh.harvard.

edu/

For the PET Unified Pipeline see 
https://github.com/ysu001/PUP

https://surfer.nmr.mgh.harvard.edu/
https://github.com/ysu001/PUP
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the number of years to symptom onset for ABC-DS 
participants by separately subtracting their current age 
from three average ages of symptom onset observed in 
previous studies (50·0 years, 52·5 years, and 55·0 years), 
focusing on the average age of 52·5 years for comparisons 
with carriers of autosomal dominant Alzheimer’s disease 
mutations.3,4,21–26 We further analysed amyloid PET depo-
sition by mutation type as a function of age and estimated 
years to symptom onset (average age of symptom onset 
52·5 years for people with Down syndrome). Addition ally, 
we evaluated whether APOE ε4 status or sex caused a 
temporal shift in amyloid PET deposition. We also 
assessed regional patterns of amyloid accumulation in 
participants with Down syndrome or autosomal dominant 
Alzheimer’s disease mutations by estimated number of 
years to symptom onset (appendix p 2). For the regional 
analysis, we compared only the ABC-DS and DIAN 
participants with a [¹¹C]-PiB PET scan. We examined 
standard uptake value ratios in 34 cortical and seven 
subcortical regions. Using a bootstrapping approach, the 
estimated number of years to symptom onset at which 
amyloid deposition in each region became significantly 
elevated compared with controls was determined with 
10 000 iterations. The median estimated number of years 
to symptom onset for each region was calculated to assess 
the spatial pattern of amyloid accumulation. All analyses 
used R (version 4.1.2) and the packages mgcv, tidymv, 
ggplot, and ggseg. A p-value threshold of <0·05 was used 
to determine statistical significance (except in the 
bootstrapping regional analysis, which used a stricter 
significance threshold of p<0·01).

Role of the funding source
The funders of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
192 individuals with Down syndrome and 33 sibling 
controls from the ABC-DS study and 265 carriers of 
autosomal dominant Alzheimer’s disease mutations and 
169 non-carrier familial controls from the DIAN study were 
included in our analyses. Controls from the two studies 
were combined into a single group. For the autosomal 
dominant mutation types present in people included in our 
study, see appendix (pp 8–9). Participant characteristics for 
each group are shown in the table. Groups did not differ 
by age or APOE ε4-positivity status. There were fewer 
women in the Down syndrome group (44%) compared 
with the control (61%) and mutation carrier (53%) 
groups. Compared with carriers of autosomal dominant 
Alzheimer’s disease mutations, a smaller proportion of 
individuals with Down syndrome identified as non-White 
(p=0∙031), although most people in our analysis identified 
as White. A higher proportion of mutation carriers (38%) 
than people with Down syndrome (15%) were categorised 
as symptomatic (p<0∙0001). Of the 101 symptomatic 

mutation carriers, 57 (56%) had very mild dementia 
(CDR 0∙5), 27 (27%) had mild dementia (CDR 1), and 
17 (17%) had moderate or severe dementia (CDR 2–3). Of 
the 28 symptomatic participants with Down syndrome, 
16 (57%) had mild cognitive impairment and 12 (43%) had 
dementia due to Alzheimer’s disease.

In the subset of participants with both CSF and amyloid 
PET data, people with Down syndrome (n=32) were 
older (mean age 49∙78 years [SD 5∙75]) than people 
with autosomal dominant Alzheimer’s disease muta-
tions (n=216; 39∙75 years [9∙74]), but similar with regard to 
APOE ε4 status, sex, cognitive status, and race 
(appendix p 9). We plotted global amyloid deposition 
on PET (in centiloids) as a function of CSF Aβ42/40, 
Aβ42, and Aβ40 for carriers of autosomal dominant 
Alzheimer’s disease mutations and people with 
Down syndrome categorised by cognitive status (figure 1; 

Figure 1: Global amyloid deposition on PET versus CSF amyloid
Global amyloid PET deposition in centiloids plotted against the Aβ42/40 in CSF 
in autosomal dominant Alzheimer’s disease mutation carriers (n=216; A) and 
participants with Down syndrome (n=32; B). Plotted data points were 
categorised by participants’ cognitive status, as measured by the Clinical 
Dementia Rating in mutation carriers and by consensus diagnosis in people 
with Down syndrome. A locally weighted estimated scatterplot smoothing 
curve was added to visualise the relation between CSF amyloid and amyloid PET. 
MCI=mild cognitive impairment. Aβ42/40=amyloid β42 to amyloid β40 ratio.
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appendix p 4). In mutation carriers, we measured a 
negative correlation between CSF Aβ42/40 and amyloid 
PET deposition (r=–0∙565; p<0∙0001). The CSF Aβ42/40 
was diminished and amyloid PET centiloids were elevated 
in symptomatic (CDR>0) versus asymptomatic (CDR=0) 
carriers (figure 1A). We observed a similar relationship 
between CSF Aβ42/40 and amyloid PET centiloids when 
we grouped carriers by mutation type (appendix p 3). We 
also found that the CSF Aβ42/40 was negatively correlated 
with amyloid PET centiloids in people with Down syndrome 
(r=–0∙801; p<0∙0001), with participants with a consensus 
diagnosis of dementia having increased amyloid PET 
centiloids and reduced CSF amyloid ratios versus 
cognitively stable (asymptomatic) participants (figure 1B). 
Similar significant negative correlations were observed 
when amyloid PET was plotted as a function of CSF Aβ42 
concentrations in both carriers of autosomal dominant 
Alzheimer’s disease mutations (r=–0∙53) and people with 
Down syndrome (r=–0∙61), but no significant correlation 
was measured between CSF Aβ40 concentrations and 
amyloid PET in either group (appendix p 4).

We compared amyloid accumulation between groups 
categorised by cognitive status (figure 2). As expected, 
amyloid PET centiloids in controls clustered near zero 
(mean –1∙77 centiloids [SD 8∙77]) and were lower than 
those in asymptomatic people with Down syndrome 
(18∙80 centiloids [28∙33]), symptomatic people with 
Down syndrome (77∙25 centiloids [41∙76]), asymptomatic 
carriers of autosomal dominant Alzheimer’s disease 

mutations (24∙61 centiloids [30∙27]), and symptomatic 
mutation carriers (69∙15 centiloids [51∙10]; table; figure 2). 
The symptomatic groups had higher levels of amyloid 
PET deposition than did their respective asymptomatic 
group (figure 2). Similar results were seen when the 
symptomatic groups were further delineated into mild 
cognitive impairment and Alzheimer’s disease (data not 
shown). There was no difference in amyloid PET depo-
sition between asympto matic people with Down syndrome 
versus asymptomatic mutation carriers and between 
symptomatic people with Down syndrome versus 
symptomatic mutation carriers (figure 2). For individuals 
with Down syndrome and autosomal dominant 
Alzheimer’s disease, no differences in amyloid PET 
deposition were observed between APOE ε4-positive and 
APOE ε4-negative individuals (appendix p 5) or between 
men and women (appendix p 6).

We evaluated trajectories of amyloid accumulation as 
a function of estimated years to symptom onset using 
an average age of onset of 52·5 years for participants 
with Down syndrome (figure 3). Amyloid PET deposition 
was elevated in carriers of autosomal dominant 
Alzheimer’s disease mutations at a signi ficantly earlier 
timepoint before symptom onset than in participants with 
Down syndrome (–23∙0 years vs –17∙5 years; p=0∙0002; 
figure 3A). We found similar results when using an average 
age of symptom onset of 50∙0 years (p<0∙0001) and 
55∙0 years (p=0∙056) for participants with Down syndrome 
(appendix p 6). When we compared people with 
Down syndrome with people with different autosomal 
dominant mutation types, amyloid accum ulation in 
participants with Down syndrome was elevated significantly 
later than in people with PSEN1 mutations after codon 200 
(figure 3D) but not in people with PSEN1 mutations before 
codon 200 (figure 3C). There were no significant differences 
in the time of amyloid PET elevation between people with 
Down syndrome versus people with PSEN2 or APP 
mutations (figure 3). Amyloid PET deposition was elevated 
at a significantly earlier age in carriers of autosomal 
dominant Alzheimer’s disease mutations than in 
participants with Down syndrome (25·4 years vs 34·0 years; 
p<0∙0001; appendix p 7). People with PSEN1 mutations 
had elevated amyloid PET at a significantly earlier age than 
participants with Down syndrome (appendix p 7). Amyloid 
accumulation in participants with Down syndrome 
occurred at a similar age as in participants with PSEN2 and 
APP mutations (appendix p 7). When plotting amyloid PET 
accumu lation by estimated years to symptom onset or age 
range, we observed no temporal shift by APOE ε4 status in 
people with Down syndrome or autosomal dominant 
mutations (appendix p 5). A similar analysis examining sex 
did not show a temporal shift in amyloid PET accumulation 
between men and women for either people with 
Down syndrome or people with autosomal dominant 
mutations (appendix p 6).

We examined standard uptake value ratios in 34 cortical 
and seven subcortical regions in people with Down 

Figure 2: Global amyloid deposition on PET by cognitive status
Controls, n=202; asymptomatic Down syndrome, n=155; symptomatic Down syndrome, n=28; asymptomatic 
autosomal dominant Alzheimer’s disease, n=164; symptomatic autosomal dominant Alzheimer’s disease, n=101.
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syndrome (n=128) or autosomal dominant muta tions 
(n=265) and control participants (n=202) with [¹¹C]-PiB 
PET scans. Within this subset, most participants with 
Down syndrome were asymptomatic (88%) and 
significantly fewer participants with Down syndrome 
were APOE ε4-positive (18%) compared with carriers of 
autosomal dominant Alzheimer’s disease muta tions 
(29%) and controls (28%; appendix p 9). Amyloid 
accumulation in mutation carriers occurred earliest in 
the occipito-parietal cortices, closely followed by the 
frontal lobe and striatum (figures 4A, 5; video; appendix 
pp 7, 10). Early amyloid accumulation in participants with 
Down syndrome occurred in the frontal lobe and 
striatum, followed by regions in the parietal and temporal 
lobes (figures 4B, 5; video; appendix p 10). Although we 
found amyloid accumulation in all cortical regions in 
carriers of autosomal dominant Alzheimer’s disease 
mutations, amyloid standard uptake value ratios were not 
elevated within the medial occipital regions (cuneus, 

pericalcarine, and lingual cortices) of people with Down 
syndrome (figures 4, 5; video; appendix p 10).

Discussion
In this cross-sectional study including participants with 
two different genetic forms of Alzheimer’s disease, we 
compared amyloid deposition within a large cohort of 
individuals with Down syndrome and carriers of 
autosomal dominant Alzheimer’s disease mutations. 
Overall, we observed many similarities between these 
groups. To our knowledge, this study is the first to assess 
the relation between PET amyloid deposition and CSF 
amyloid concentrations in people with Down syndrome. 
Our results showed an inverse relation between these 
two amyloid measures, suggesting that amyloid 
concentrations decrease in the CSF before accumulating 
in the brain in people with Down syndrome, similar to the 
pattern seen in people with late-onset Alzheimer’s disease 
and autosomal dominant Alzheimer’s disease.27,28 When 

Figure 3: Global amyloid deposition on PET as a function of estimated years to symptom onset
Global amyloid PET deposition as a function of estimated years to symptom onset in controls (n=202) versus people with Down syndrome (n=92) versus all carriers of autosomal dominant 
Alzheimer’s disease mutations (n=265; A), mutation carriers stratified by mutation type (B), mutation carriers with PSEN1 mutations before codon 200 (n=74; C), mutation carriers with PSEN1 
mutations after codon 200 (n=128; D), mutation carriers with PSEN2 mutations (n=22; E), and mutation carriers with APP mutations (n=41; F).
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we assessed amyloid deposition by PET, it was similar 
between individuals with Down syndrome and people 
with autosomal dominant Alzheimer’s disease 
mutations when grouped by cognitive status. For both 
groups, asymptomatic participants (ie, individuals with 
Down syndrome diagnosed as cognitively stable or people 
with autosomal dominant Alzheimer’s disease and a 
CDR of 0) had higher global amyloid PET deposition than 
controls and symptomatic individuals had even higher 
amyloid deposition than their asymptomatic counterparts. 
These results are supported by our finding that amyloid 
accumulation began approximately two decades before 
symptom onset in people with Down syndrome and in 
people with autosomal dominant Alzheimer’s disease. 
Our results suggest that amyloid accumulation begins in 
the early preclinical stages in individuals with 
Down syndrome and continues to increase as cognitive 
impairment progresses, similar to what is observed in 

people with late-onset Alzheimer’s disease and autosomal 
dominant Alzheimer’s disease.27,28

Although our findings suggest that amyloid begins 
accumulating at the early stages of Alzheimer’s disease 
progression in both groups, we also observed subtle 
but significant differences between people with 
Down syndrome and carriers with autosomal dominant 
Alzheimer’s disease in the timing of initial amyloid 
accumulation. In particular, amyloid accumulation 
began earlier in carriers of autosomal dominant 
Alzheimer’s disease mutations than in people with 
Down syndrome but approached similar concentrations at 
the estimated symptom onset. After differentiating 
mutation carriers by autosomal dominant mutation type, 
we found that this difference in timing was mainly driven 
by PSEN1 mutations. This result is consistent with 
previous work by Chhatwal and colleagues,11 in which the 
magnitude of amyloid PET changes was different for 
PSEN1 mutation carriers than for carriers of other 
mutations. The time of initial amyloid accumulation in 
participants with Down syndrome was similar to that 
of people with APP mutations. One hypothesised 
explanation for the delay in amyloid accumulation in 
people with Down syndrome versus autosomal dominant 
Alzheimer’s disease is that other triplicated genes 
on chromosome 21—eg, BACE2, which encodes 
β-secretase 2—could be protective. The θ-secretase activity 
of β-secretase 2 could cleave amyloid into smaller, non-
amyloidogenic Aβ isomers instead of amyloidogenic 
Aβ42.29 However, one study measured significantly higher 
concentrations of CSF Aβ42 in asympto matic individuals 
with Down syndrome compared with asymp tomatic 
carriers of autosomal dominant Alzheimer’s disease 
mutations, suggesting that amylo idogenic Aβ42 is still 
highly produced in individuals with Down syndrome 
despite BACE2 triplication.9 Another possible explanation 
for delayed amyloid accumulation in individuals with 
Down syn drome is that they might clear amyloid more 

Figure 4: Regional amyloid accumulation by estimated years to symptom onset
Estimated years to symptom onset at which regional amyloid accumulation in autosomal dominant Alzheimer’s disease 
mutation carriers (A) and individuals with Down syndrome (B) was significantly greater than in controls.
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(A) Estimated 20 years before symptom onset. (B) Estimated 10 years before symptom onset. (C) Estimated at symptom onset. (D) Estimated 10 years after symptom onset. We used 99% CIs to adjust 
for multiple comparisons. PiB SUVR=[¹¹C]-Pittsburgh compound B standard uptake value ratio.
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efficiently compared with people with autosomal domi-
nant Alzheimer’s disease. One study found improved 
amyloid clearance in mice with upregulated DSCR1 (also 
known as RCAN1), a gene on chromo some 21.30 Future 
studies are needed to elucidate hypothesised protective 
factors in individuals with Down syndrome.

The spatial pattern of amyloid distribution was fairly 
similar between people with autosomal dominant 
Alzheimer’s disease and people with Down syndrome. 
Our results support previous work showing early amyloid 
accumulation in carriers of autosomal dominant 
Alzheimer’s disease mutations in the striatal, occipito-
parietal, and frontal regions.10,31 Amyloid accumulation 
was relatively consistent across mutation types. Similar to 
previous work, we measured early amyloid accumu lation 
in the striatum in people with Down syndrome, in addition 
to early changes in the anterior cingulate and frontal 
cortex.32 This finding of early amyloid accumulation in the 
striatum in both carriers of autosomal dominant 
Alzheimer’s disease mutations and people with Down 
syndrome aligns with the results of previous studies and is 
a key deviation from late-onset Alzheimer’s disease.10,32,33 
However, although we found amyloid accumulation in the 
medial occipital lobe in carriers of autosomal dominant 
Alzheimer’s disease mutations, we did not observe 
significant amyloid accumulation in this region in 
individuals with Down syndrome. This finding is 
consistent with the results of a previous amyloid PET 
study,32 which showed that the occipital lobe was one of the 
last regions to accumulate amyloid in individuals with 
Down syndrome, a temporal pattern closely resembling 
late-onset Alzheimer’s disease.34 Despite being subtle, 
these regional differences in amyloid deposition between 
people with Down syndrome, autosomal dominant 
Alzheimer’s disease, and late-onset Alzheimer’s disease 
are important to consider for future clinical trials. Different 
brain regions might need to be evaluated when 
determining amyloid-positivity and the efficacy of anti-
amyloid therapies for these groups.

The presence of at least one APOE ε4 allele is associated 
with earlier amyloid changes in people with late-
onset Alzheimer’s disease.18 However, similar to previous 
work, we did not observe an effect of APOE ε4 on the 
timing of amyloid accumulation in carriers of autosomal 
dominant Alzheimer’s disease mutations.7,35,36 In people 
with Down syndrome, several studies have observed a 
significant effect of APOE ε4 on cognitive outcomes,23,37,38 
but results have been mixed for amyloid PET measures.39–41 

Despite several studies reporting no effect,39,40 the study by 
Bejanin and colleagues41 found more amyloid PET 
deposition in APOE ε4-positive participants with Down 
syndrome aged 41–54 years compared with APOE ε4-
negative participants with Down syndrome. In our study, 
we found no differences between APOE ε4-positive and 
APOE ε4-negative participants with Down syndrome in 
amyloid PET deposition or the timing of amyloid 
accumulation. When we replicated the comparison by age 

range from the study by Bejanin and colleagues,41 we did 
not observe differences in amyloid PET deposition 
between APOE ε4-positive and negative participants with 
Down syndrome. Overall, our results suggest that 
the presence of the APOE ε4 allele does not affect 
the amount or timing of amyloid accumulation in 
genetic forms of Alzheimer’s disease. Genetic muta tions 
in Down syndrome and autosomal dominant 
Alzheimer’s disease might overshadow the effects of 
APOE genotype on amyloid. Previously observed changes 
in cognition with APOE ε4 positivity in people with 
Down syndrome could be mediated by tau, but additional 
longitudinal studies of multiple biomarkers are needed.

Previous studies have also identified a potential role for 
sex on the trajectory and development of late-
onset Alzheimer’s disease.15–17 Whether sex influences the 
presentation of Alzheimer’s disease in individuals with 
Down syndrome is unclear. Some studies have found no 
effect for sex on the prevalence or timing of dementia 
diagnosis in adults with Down syndrome.37,42 Other studies 
have reported an effect of sex in individuals with Down 
syndrome on the risk of developing dementia or on the 
age of dementia onset.23,43 We found no differences in the 
amount or timing of amyloid PET deposition between 
men and women with Down syndrome, consistent with 
previous studies that also did not observe any effect of sex 
on amyloid PET.32,39,44–46 These findings suggest that, 
although sex might affect the cognitive presentation of 
Alzheimer’s disease, it does not affect amyloid deposition 
in adults with Down syndrome.

The large size of the cohort of participants with Down 
syndrome and autosomal dominant Alzheimer’s disease 
in this study represents a notable strength, but limitations 
should also be acknowledged. Although these two popu-
lations are genetically predis posed to develop Alzheimer’s 
disease, most auto somal dominant Alzheimer’s disease 
mutations alter the processing of the APP protein by 
affecting γ-secretase activity. The closest direct comparison 
to Down syndrome would therefore be individuals with a 
rare APP duplication. Only fewer than ten carriers of 
autosomal dominant Alzheimer’s disease mutations in 
our study had an APP duplication. A future study with a 
larger sample of APP duplication carriers would be useful 
in assessing other genes on chromosome 21 and their 
effects on Alzheimer’s disease progression. Information 
on which ABC-DS participants with Down syndrome and 
sibling controls were related was unavailable, preventing 
us from adjusting for potential correlations between 
related participants. The cross-sectional nature of this 
study is another important limitation. Future longitudinal 
studies are necessary to better our understanding of how 
amyloid accumulates in people with these two genetic 
forms of Alzheimer’s disease. Additionally, we estimated 
the number of years to symptom onset for individuals 
with Down syndrome using a set of three average ages of 
symptom onset from several previous studies. However, 
using a fixed average age of onset does not account for 
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individual differences. Future analyses are necessary to 
improve our ability to predict the number of years to 
symptom onset for an individual with Down syndrome.

Despite these limitations, we used PET to observe 
important similarities between two genetic forms of 
Alzheimer’s disease. We found similar amounts of 
amyloid deposition on PET between individuals with 
Down syndrome and people with autosomal dominant 
Alzheimer’s disease mutations, with amyloid beginning 
to accumulate at the earliest stages of the 
Alzheimer’s disease cascade, around 20 years before the 
onset of cognitive symptoms. The safety and efficacy 
of potential amyloid-lowering Alzheimer’s disease 
therapies have yet to be evaluated in individuals with 
Down syndrome. On the basis of our results, potential 
anti-amyloid therapies would be better evaluated in 
people with Down syndrome aged at least 35 years. In 
conclusion, this study shows that, although there are 
subtle differences, Alzheimer’s disease pathophysiology 
is similar among people with Down syndrome and 
people with autosomal dominant Alzheimer’s disease.
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