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We present a comprehensive global analysis of genetic variants associated with autosomal-dominant Alzheimer’s 

disease (ADAD). A total of 550 variants in the APP, PSEN1 and PSEN2 genes were identified, of which 279 were classified 

as pathogenic or likely pathogenic based on American College of Medical Genetics and Genomics and the Association 

for Molecular Pathology criteria, utilizing data from the Dominantly Inherited Alzheimer Network (DIAN), literature 

and public databases. Symptomatic age at onset (AAO) data were estimated for 227 of these variants, allowing de-

tailed characterization of their frequency, pathogenicity and AAO.

Importantly, 226 variants met eligibility criteria for inclusion in disease-modifying clinical trials. Furthermore, we de-

monstrated the predictive value of mean variant AAO and parental AAO in predicting symptomatic AAO, validated 

against converters who became symptomatic during follow-up in the DIAN Observational Study. This dataset pro-

vides critical insights into the global landscape of ADAD and reveals the genetic and AAO heterogeneity of ADAD var-

iants while refining variant trial eligibility criteria.
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Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative disorder 

characterized by the accumulation of amyloid- (A ) and tau protein 

aggregates in the brain, leading to neurodegeneration and progres-

sive cognitive and functional decline.1,2 While the majority of AD 

cases are sporadic, a fraction (<1%) are caused by autosomal- 

dominant mutations in three key genes: APP, PSEN1 and PSEN2.1,3

These variants result in altered processing of amyloid precursor pro-

tein, accelerating the pathological aggregation of A peptides.3-7

Unlike sporadic AD, patients with autosomal-dominant 

Alzheimer’s disease (ADAD) typically experience an earlier symp-

tomatic age at onset (AAO) that can be reasonably predicted using 

the specific variant AAO, enabling the estimation of years to 

symptom onset (EYO) in asymptomatic family members.8,9 The 

study of patients with ADAD provides a valuable model for elucidat-

ing the early pathogenic events in AD progression, offering a crucial 

window for intervention that could inform therapeutic strategies 

targeting familial and sporadic forms of the disease.

Understanding the genetic mechanisms that underpin ADAD 

and influence AAO and the global distribution of ADAD variants is 

vital for clinical genetics, supporting affected families and inform-

ing public health strategies.10 Insights into population-level ADAD 

variants can facilitate early diagnosis, prompt intervention and op-

timize resource allocation, potentially improving outcomes.11

Furthermore, identifying novel ADAD variants can propel the de-

velopment of treatments for both ADAD and sporadic AD by enab-

ling the identification of molecular targets and pathways that may 
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be amenable to pharmacological intervention. This approach 

serves as a critical bridge in translating genetic discoveries into ac-

tionable medical practices that could lead to more effective, perso-

nalized therapies, significantly delaying or even preventing the 

clinical onset of AD in susceptible populations.12-15

While previous research has shed light on AAO of participants 

with ADAD and clinical characteristics, ongoing efforts by the 

Dominantly Inherited Alzheimer Network Observational Study 

(DIAN OBS), DIAN Trials Unit (DIAN-TU) and DIAN Expanded 

Registry (DIAN EXR) are uncovering new variants and evaluating 

their clinical significance and AAO.16-19 This study aims to provide 

a comprehensive analysis of ADAD by reviewing variant reports 

from the literature, public databases and DIAN prospective studies. 

We examined the global distribution of ADAD, including pathogen-

ic variants and variants of uncertain significance (VUS), and esti-

mated mean variant AAO. We further assessed the ability of 

variant and parental AAO to accurately predict symptomatic AAO.

Materials and methods

Data sources

To assess ADAD global distribution, AAO and variant pathogenicity, 

we reviewed data from: (i) a systematic literature review; (ii) exist-

ing DIAN data (an international research effort focused on ADAD); 

and (iii) the Alzheimer Research Forum Database (Alzforum).20-22

Details regarding data sources are provided below.

Systematic review and Alzforum

The published literature was searched for ADAD variants, clinical 

symptoms and reported AAO. The search strategies were created 

by a committee composed of a medical librarian, DIAN researchers 

and other stakeholders with expertise in AD genetics. The search 

strategies were established using a combination of standardized 

terms and keywords, including but not limited to (Alzheimer’s dis-

ease) AND (autosomal dominant inheritance, OR presenilin 1 OR 

presenilin 2 OR amyloid precursor protein) AND (age of onset OR 

middle-aged). The search was run in December 2023 using a 

librarian-created filter for non-animal studies and a date restriction 

from 2014 (date of previous review by our group22) to 2024 in the da-

tabases Ovid Medline (1946–present), Embase (1947–present), 

Scopus (1960–present), Cochrane Central and ClinicalTrials.gov. 

The final search yielded 4528 citations, which were imported into 

EndNote®. A total of 3343 duplicates were identified and excluded, 

leaving 1185 citations for further examination. These were as-

sessed for relevance based on predetermined inclusion and exclu-

sion criteria, as detailed in Fig. 1. Specifically, studies reporting on 

the clinical characteristics of ADAD families with variants in 

PSEN1, PSEN2 or APP were considered for inclusion. Following an 

initial screening of abstracts, 202 studies qualified for a full-text re-

view to verify their relevance and validity. This detailed evaluation 

resulted in the selection of 184 peer-reviewed articles for compre-

hensive analysis (refer to Fig. 1). In addition to database searches, 

an exploratory review of Alzforum contributed five additional peer- 

reviewed studies to our final dataset.

DIAN OBS

The DIAN OBS is a longitudinal, observational study of individuals 

and families who carry genetic variants associated with ADAD. The 

DIAN OBS was established to inform ADAD natural history, biomar-

kers and clinical outcomes, and to identify intervention 

strategies.20 The study began in 2008 and has enrolled more than 

600 participants across multiple sites in North America, Europe, 

Latin America, Australia and Asia.

DIAN-TU

The DIAN-TU is a global research effort established in 2012 to de-

sign and conduct clinical trials for the prevention or treatment of 

ADAD. The present analysis only included DIAN-TU participants 

enrolled in the placebo groups.

DIAN EXR

The DIAN EXR is an international registry that comprises more than 

700 individuals from families affected by ADAD. The DIAN EXR was 

established in 2011 as a collaborative research effort to facilitate 

study referral to DIAN OBS and DIAN-TU and to support education-

al and outreach activities with ADAD family members (https://dian. 

wustl.edu/our-research/registry/).

DIAN OBS and DIAN-TU study assessments include detailed in-

formation on parental and participant AAO documented across 

partner sites using a standardized AAO form. In addition, 

DIAN-TU and DIAN OBS collect extensive data from participants, 

including clinical-cognitive data obtained through the Clinical 

Dementia Rating® score (CDR) as well as CSF, plasma and neuroi-

maging biomarkers. Details about DIAN OBS and DIAN-TU proto-

cols have been described previously.18,21-23

Information on sociodemographic characteristics, country re-

ports and evidence of variant pathogenicity was extracted from 

each data source. Information on clinical features (AAO, age of 

death, disease duration, clinical presentation, atypical manifesta-

tions and neurological findings) was obtained when available. We 

considered each symptom or sign as present or absent when clearly 

stated in the reports. To avoid potential double reporting across 

DIAN studies and published literature, pedigrees for each ADAD 

variant were manually examined to identify and remove possible 

duplicates. The combined dataset included 387 pedigrees, includ-

ing 3275 individuals, of whom 2110 had cognitive impairment at-

tributed to ADAD with known AAO. Key definitions about AAO 

used in our study are provided in Box 1.

Variant pathogenicity assessment and DIAN trial 
eligible list

For the purpose of this review, we assessed variants using two ap-

proaches. First, we categorized variants as pathogenic, likely patho-

genic, VUS, likely benign or benign according to the American 

College of Medical Genetics and Genomics and the Association for 

Molecular Pathology (ACMG-AMP) guidelines. This classification 

was informed by data from literature reports, Alzforum records 

and findings from DIAN studies. Second, we determined trial eligi-

bility based on the DIAN-TU trial eligibility criteria (see Fig. 2), 

which evaluate variants for inclusion in disease-modifying clinical 

trials. 

The inclusion of ADAD individuals in the DIAN-TU clinical trials 

requires rigorously validated evidence for variant pathogenicity. As 

a result, DIAN-TU utilizes stringent criteria for enrolling patients 

with pathogenic ADAD variants, as delineated by the DIAN-TU 

Clinical-Genetics Committee. ADAD variants eligible for trial inclu-

sion must meet rigorous standards for evidence of pathogenicity. 

The DIAN-TU eligibility list is dynamic and regularly updated by as-

sessing new variants as scientific evidence—such as new families, 

AD-related biomarkers, results from segregation studies and 

The landscape of autosomal-dominant AD                                                                           BRAIN 2025: 148; 2429–2440 | 2431

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/148/7/2429/7998815 by D

eutsches Zentrum
 fur N

eurodegenerative Erkrankungen D
ZN

E user on 15 July 2025



functional analyses—becomes available. This ensures that new 

variants are evaluated and added to the trial list.

The DIAN-TU eligibility algorithm integrates three key streams 

of information: (i) family history of dementia; (ii) evidence of AD; 

and (iii) genetic data suggesting a causal relationship between vari-

ant and AD. Corresponding supportive findings include: (i) a 

multigenerational family history of dementia suggesting an 

autosomal-dominant pattern of inheritance; (ii) clinical documen-

tation of amnestic-predominant, progressive cognitive impairment 

leading to dementia due to AD, ideally with fluid or imaging bio-

markers supportive of AD, and/or neuropathological confirmation 

of AD in at least one family member; and (iii) predictors of variant 

pathogenicity, including low frequency in a large population series 

(Genome Aggregation Database, gnomAD v.4.1.0), and evidence of 

variant segregation or functional analysis exploring A isoform 

levels in vitro (A 42 and A 40 levels or the A 42/40 ratio) relative to wild- 

type and known pathogenic variants.30 Additional criteria support-

ive of variant eligibility include conservation of the variant amino 

acid residue between PSEN1 and PSEN2, presence of other ADAD 

pathogenic variants at the residue and in silico prediction of dam-

aging effects. While the DIAN-TU pathogenicity algorithm incorpo-

rates several in silico predictions of damaging effects [Combined 

Annotation Dependent Depletion (CADD; GRCh37-v.1.6), rare 

exome variant ensemble learner (REVEL),31 Sorting Intolerant 

From Tolerant (SIFT; Ensembl 66), PolyPhen-2 (V13-3)], it predomin-

antly relies on the CADD score. This score is an integrative ap-

proach used in genomics to assess the deleteriousness of single 

nucleotide variants (SNVs) and insertion-deletion variants (indels) 

across the human genome. Developed to prioritize functional, dele-

terious, and disease causal variants in clinical genomics and genet-

ic research, CADD integrates multiple annotations into a single 

metric by contrasting variants that survived natural selection 

with simulated variants to derive a score for each variant, reflecting 

its potential pathogenic impact.30,32 In this study, we provide add-

itional evidence on the utility of CADD scores to predict pathogen-

icity. The DIAN-TU algorithm to assess eligibility for trial inclusion 

is shown in Fig. 2.

Statistical analysis

Participant symptomatic age at onset prediction analysis

We extracted the AAO for each ADAD-affected family member and 

determined the parental/family proxy AAO and variant AAO for 

those with the same ADAD variant. Next, we assessed the accuracy 

of the variant AAO and parental AAO in predicting participant 

symptomatic AAO. We identified participants who developed cog-

nitive impairment, i.e. progressed from a cognitively normal state 

(CDR = 0) to impaired (CDR > 0) during the DIAN study and classified 

them as ‘converters’. Converters’ symptomatic AAO was consid-

ered the gold standard and compared with the predicted AAO ac-

cording to the variant AAO present in the family and the parental 

AAO. If there were insufficient data to assess variant AAO (<3 

known affected variant carriers), only parental AAO was used to 

Figure 1 Systematic review flow chart. Flow chart outlines the sequential steps in the systematic literature review.
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calculate the EYO. Linear regression was used to explore the rela-

tionship between variant AAO, parental AAO and participant 

symptomatic AAO.

Pathogenicity prediction analysis

We further explored the validity and predictive ability of the 

DIAN-TU eligibility algorithm by producing a receiver operating 

characteristic (ROC) curve using the pROC R package (https://cran. 

r-project.org/). The results from the functional analysis exploring 

A isoform levels in vitro relative to wild-type and known pathogen-

ic variants were considered the gold standard. The DIAN-TU algo-

rithm was validated using 71 variants encompassing diverse 

parameters such as gene and variant, protein-level effect, 

gnomAD exome/genome frequency, CADD score, SIFT prediction/ 

score, PolyPhen-2 prediction/score, clinical phenotype, mean dif-

ferences of A 42, A 40, and A 42/40 relative to wild-type variants 

and known pathogenic variants, and mean AAO. Our primary ana-

lytical focus was on assessing the potential of the AAO, AD biomar-

kers, population frequency, variant segregation and CADD scores to 

predict pathogenicity. Subsequent statistical analyses included 

maximum likelihood estimates with emphasis on the Wald 

Chi-squared test to deduce the association between the AAO and 

CADD score and the variant A 42/40 in vitro results. To measure 

the strength and direction of this association, we computed odds 

ratios. To validate further the diagnostic utility of the AAO and 

CADD scores in predicting pathogenicity, we conducted an ROC 

analysis.

All statistical analyses were conducted using either SAS software 

(version 9.4, SAS Institute Inc., Cary, NC) or R (version 4.3.1; https:// 

cran.r-project.org/). A P-value threshold of <0.05 was considered 

statistically significant.

Results

Global distribution of variants

Global analysis of ADAD variant distribution revealed 550 variants 

across patients in 55 countries: 67.7% (372) in PSEN1, 16.5% (91) in 

PSEN2 and 15.8% (87) in APP. Variants were classified following 

ACMG-AMP criteria, using data derived from literature reports, 

Alzforum records and DIAN studies. Using ACMG-AMP criteria, 279/ 

550 ADAD variants were classified as pathogenic/likely pathogenic, 

27 as VUS and 50 as benign/likely benign [including one (APP 

p.A673T) as protective]. In addition, 194 variants were not classified 

due to insufficient evidence to support a pathogenic or benign desig-

nation. Additionally, variants co-occurring in individuals with other 

known pathogenic mutations or those with ambiguous application 

of ACMG-AMP criteria could not be conclusively classified.

The highest number of reported pathogenic variants were 

from the USA (74 variants: PSEN1 = 65, PSEN2 = 1, APP = 8), France 

(67 variants: PSEN1 = 54, PSEN2 = 4, APP = 9) and the UK (42 variants: 

PSEN1 = 39, APP = 3). Figure 3 provides a breakdown of pathogenic 

and likely pathogenic variants by gene, number of variants and 

country.

Age at onset and estimated years to symptom onset

Data on AAO were available in 2110 individuals with 227 unique 

variants: 176 in PSEN1, 20 in PSEN2 and 31 in APP. The combined da-

taset revealed a mean AAO of 47.3 years (SD = 10.1), ranging from 21 

to 90 years. The mean variant AAO was 44.9 ± 9.4 years (range 22–90 

years) for PSEN1 variants, 59.5 ± 6.8 years (range 21–82 years) for 

PSEN2 variants and 52.1 ± 8.1 years (range 30–88 years) for APP var-

iants (Table 1). PSEN2 variants had a later AAO compared with other 

groups (PSEN2 versus PSEN1 P < 0.001; PSEN2 versus APP P = 0.01). 

Table 1 provides a summary of the AAO for each gene and according 

to variant pathogenicity. In addition, Supplementary Tables 1 and 2

provide the AAO for each independent variant. Figure 4 depicts the 

relationship between individual participants’ symptomatic AAO 

and variant AAO by variant and gene (APP, PSEN1 or PSEN2). The 

scatter plot in Fig. 4 (top left) shows the association between indi-

vidual AAO and mean variant AAO. The strong association between 

variant AAO and observed AAO (R2 
= 0.56) suggests that specific 

variants account for a substantial proportion (56%) of variability 

in individual AAO overall. The degree of association varied by 

gene (Fig. 4, top right), being strongest for PSEN1 (R2 
= 0.60), modest 

for APP (R2 
= 0.30) and weakest for PSEN2 (R2 

= 0.13). In addition, we 

explored whether there is a greater degree of variability in AAO 

across different genes (APP, PSEN1, PSEN2) and according to 

variant-level factors, including the codon location (PSEN1 <200 ver-

sus  >200) and the affected protein domain (cytoplasmic versus 

transmembrane), as shown in Supplementary Tables 3 and 4. 

First, we examined potential variability in AAO at the individual le-

vel (Supplementary Table 3), and despite significant differences in 

mean AAO across genes [PSEN1 (45.7 years), APP (50.8 years) and 

Box 1 Definitions and methods for calculating variant age at onset and estimated years to 
symptom onset in autosomal-dominant Alzheimer’s disease participants

Participant symptomatic age at onset (AAO): the age at which progressive symptoms attributed to Alzheimer’s disease (AD)24 (e.g. 

cognitive, behavioural or motor) were first noticed by someone who knew the participant well (i.e. their collateral source).

Parental/family proxy AAO: the age at which progressive symptoms attributed to AD (e.g. cognitive, behavioural or motor) were first 

noted in the participant’s parent or relative.24

Variant AAO: the mean AAO for a specific ADAD variant calculated across all known symptomatic carriers with the same variant (e.g. 

mean age of onset for all participants known to carry PSEN1 E184D).17,22 For this analysis, variant AAO is reported only when the age at 

which first progressive symptoms attributed to AD was available for three or more carriers of the same variant.

Estimated years to symptom onset (EYO): calculated by subtracting the variant AAO or parental AAO from the age of the participant at 

the study visit (e.g. a participant of 25 years with a parental AAO at 37 will be at EYO −12). EYO serves as a variable of time along the 

disease stages of ADAD, centred on the individual participant’s estimated AAO (EYO = 0). EYO < 0 refers to participants who are younger 

than their estimated AAO (i.e. those who have not yet reached their EYO). EYO > 0 refers to participants who are older than their 

estimated AAO (i.e. those who have exceeded their EYO).16,25-27
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PSEN2 (55.8 years)], we found a similar degree of individual-level 

variability in AAO across genes (P = 0.13). Similarly, variant-level 

factors like protein domain location (cytoplasmic versus trans-

membrane) and variant location (PSEN1 pre- or post-codon 200) 

showed no significant effect on AAO variability (P = 0.07 and P =  

0.19, respectively). In summary, our analysis suggested that gene- 

or variant-level factors do not significantly influence the degree of 

AAO variability at the individual or family level.

To assess the accuracy of variant and parental AAO in predicting 

individual symptomatic AAO, we performed a comparative ana-

lysis of estimated and participant symptomatic AAO in 53 partici-

pants within the DIAN-TU placebo arm and DIAN OBS study who 

developed cognitive impairment during follow-up (‘converters’). 

Table 1 shows the distribution of the converter AAO relative to 

mean variant AAO and parental AAO. The analysis revealed an 

average discrepancy between participant symptomatic AAO and 

expected parental AAO of −1.1 years (SD = 5.6; 95% CI: −2.6 to 0.5), 

with an R2 of 0.52; meaning that observed AAO occurred, on aver-

age, 1.1 years earlier than reported in a participant’s parent. 

Similarly, the difference between participant symptomatic AAO 

and variant-specific AAO, was −0.9 years (SD = 5.2; 95% CI: −2.3 to 

0.5), with an R2 of 0.56 (P < 0.0001). Figure 4 (bottom) demonstrates 

the predictive validity of both parental and variant-specific AAO 

for observed AAO, highlighting the substantial association between 

observed AAO and EYO in ADAD.

DIAN-TU trial eligibility

Application of the DIAN-TU eligibility algorithm (Fig. 2) determined 

that 226 of the 551 identified ADAD variants qualified for inclusion 

Figure 2 Dominantly Inherited Alzheimer Network–Trials Unit (DIAN-TU) algorithm to classify variant trial eligibility. Algorithm to assess eligibility 
for DIAN-TU trials. This model was modified from a previously proposed algorithm.28,29 GnomAD frequency is used to determine whether APP, PSEN1 
and PSEN2 variants represent rare or common polymorphisms. Autosomal-dominant Alzheiemer’s disease (ADAD) pathogenic variant PSEN1 A79 V 
allele frequency is used as a cut-off reference to define rare variants. Additional supportive criteria include: (a) whether other variants at the same resi-
due have previously been confirmed as pathogenic; (b) whether a given presenilin variant is at a residue conserved between PSEN1 and PSEN2; (c) the 
number of unrelated families in which the variant is present at a consistent age at onset and evidence of AD biomarkers; (d) the number of generations 
with early-onset AD (<65 years); and (e) in silico predictions (CADD, REVEL score or comparable computational score). **The presence of multiple af-
fected family members is considered supportive evidence but not required for variant review or trial inclusion. APP, PSEN1 and PSEN2 de novo variants 
are also assessed for pathogenicity by the Clinical-Genetic Committee using the DIAN algorithm. Families that exhibit multigenerational incidences of 
biomarker-confirmed Alzheimer’s dementia and age of onset under 40 years are automatically deemed eligible for inclusion in the trial while addition-
al evidence is systematically gathered. CADD = Combined Annotation Dependent Depletion; REVEL = rare exome variant ensemble learne; GnomAD =  

Genome Aggregation Database.
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in the DIAN-TU (see Supplementary Table 1). Remarkably, 35 eli-

gible variants were previously categorized as VUS based on litera-

ture reports, with an additional 21 not documented in existing 

variant databases. The eligibility of VUS for inclusion in the 

DIAN-TU was re-assessed based on AD-specific biomarkers and 

neuropathology reports, which were primarily obtained through 

the DIAN OBS and contributions from DIAN site investigators.

A total of 195/226 of DIAN-TU eligible variants were in PSEN1, 23 

in APP and 8 in PSEN2. The mean AAO for DIAN-TU eligible variants 

was 43.3 years (SD = 8.3, range 26–63), and the average CADD score 

was 27.3 (SD = 2.7). Gene-specific analyses revealed PSEN1 variants 

with an AAO of 43.2 years (SD = 8.2, range 26–60) and a CADD score 

of 27.4 (SD = 2.8), PSEN2 variants had an AAO of 53.5 years (SD = 7.0, 

range 46–56) and a CADD score of 26.0 (SD = 1.5), and APP variants 

were noted for an AAO of 47.5 years (SD = 7.2, range 34–58) and a 

CADD score of 27.1 (SD = 2.3). For an in-depth review of each vari-

ant, including country report, mean AAO, clinical phenotype and 

other details, see Supplementary Tables 1 and 2.

CADD score and predictor of pathogenicity

CADD scores are widely used to interpret whole-genome sequen-

cing data, providing a high-resolution view of pathogenicity across 

the human genome.33 We evaluated the CADD score as a predictor 

of clinical classification, specifically targeting variants likely to be 

detrimental and potentially pathogenic. CADD scores were avail-

able for 520 of 551 variants, and the average scores for variants 

classified as pathogenic or likely pathogenic were 26.9 and 25, 

respectively, for VUS. Variants identified as benign had an average 

CADD score of 14.4. There was a significant difference in the aver-

age CADD score among different groups (Pathogenic versus VUS, 

Pathogenic versus Benign, VUS versus Benign; P < 0.0001). All 226 

DIAN-TU trial eligible variants with an available CADD score regis-

tered scores exceeding 21.

We also evaluated the utility of the CADD score to predict variant 

functional analysis results. Variants that led to a significant rise in A

isoform levels (or A 42/40 ratio) had higher CADD scores (mean = 26.2, 

SD = 3.0) than variants that did not alter A 40 or A 42 levels (mean =  

22.1, SD = 5.1) (P = 0.002). In vitro functional assays revealed that a 

one-unit increase in the CADD score was associated with a 25% in-

crease in the odds of changes in A isoform levels (OR = 1.25, 95% 

CI = 1.1–1.5). The predictive utility of the CADD score is further sub-

stantiated by the ROC analyses, with an AUC of 0.68 

(Supplementary Fig. 4). The use of the CADD score to predict variant 

functional analysis results was further enriched by including the 

variant genomAD frequency in the model (AUC = 0.75). Additional 

analysis on the utility of CADD scores in identifying potential dam-

aging variants is provided in Supplementary Figs 1–3 and 

Supplementary Table 5.

Discussion

This study represents a substantial advancement in our under-

standing of ADAD epidemiology through the systematic analysis 

of 550 genetic variants across APP, PSEN1 and PSEN2. We have 

Figure 3 Global distribution of pathogenic autosomal-dominant Alzheimer’s disease variants. Number of pathogenic variants in APP, PSEN1 or PSEN2 
by country. The map displays PSEN1 variants in green, APP variants in yellow and PSEN2 variants in red. The colours indicate the presence of different 
genetic variants among various countries but not the distribution within each country. The count of variants within individual genes is represented 
numerically.
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Table 1 Distribution and characteristics of variants with available age at onset across PSEN1, PSEN2 and APP

PSEN1 PSEN2 APP Total

Affected family members, n (%) 1591 (75.4) 117 (5.5) 402 (19.1) 2110

ADAD variants with known AAO, n (%) 176 (77.5) 20 (8.8) 31 (13.7) 227

AAO, mean ± SD, years 44.9 ± 9.4 59.5 ± 6.8 52.1 ± 8.1 47.3 ± 10.1

DIAN-TU trial eligible variants

DIAN-TU trial eligible variants, n (%) 195 (86.3) 8 (3.5) 23 (10.2) 226

DIAN-TU trial eligible variants with known AAO, mean ± SD, years 43.2 ± 8.2 53.5 ± 7.0 47.5 ± 7.2 43.9 ± 8.3

DIAN convertersa

DIAN converters, mean ± SD, years 42.8 ± 4.6 48.6b 48.2 ± 6.1 43.4 ± 7.7

Parental AAO, mean ± SD, years 43.6 ± 5.7 47.0b 48.1 ± 4.9 44.5 ± 7.3

Mean variant AAO, mean ± SD, years 43.9 ± 4.7 50.2b 48.4 ± 4.6 44.3 ± 6.5

DIAN converter AAO − parental AAO, mean ± SD, years −1.3 ± 3.5 1.6b
−0.4 ± 7.0 −1.1 ± 5.6

DIAN converter AAO − variant AAO, mean ± SD, years −1.1 ± 2.8 −1.6b
−0.4 ± 7.1 −0.9 ± 5.2

Autosomal-dominant Alzheimer’s disease (ADAD) variants and affected family members summarized by gene (PSEN1, PSEN2 and APP), along with their respective mean age at 

onset (AAO). The total number and percentage of known affected individuals; the number of variants with known AAO; and the mean AAO for each gene (all variants combined 

accordingly by gene) are listed. The number of Dominantly Inherited Alzheimer Network-Trial Unit (DIAN-TU) trial eligible variants by gene are given, reporting the number and 

percentage of eligible variants within each gene and mean AAO. DIAN converters are reported, comparing their mean AAO to parental and variant-specific AAOs to assess 

potential shifts in disease onset. The mean difference between DIAN converter AAO and expected parental and variant AAOs are reported. SD = standard deviation.
aDIAN converters: participants who transitioned from asymptomatic to symptomatic during the DIAN observational (OBS) study.
bSince only one PSEN2 carrier transitioned from asymptomatic to symptomatic during the DIAN-OBS study, we report a point estimate rather than a mean or standard deviation.

Figure 4 Individual symptomatic age at onset (AAO) versus variant AAO and accuracy assessment of AAO. Top: Each affected individual participant’s 
symptomatic AAO (n = 2110) on the y-axis, plotted against values predicted from variant AAO on the x-axis. Top left: All individuals combined, regard-
less of gene type. Data points are coloured/shaped according to each variant for autosomal-dominant Alzheimer’s disease. Top right: All individuals 
according to gene (PSEN1, PSEN2, APP). Bottom left: Relationship between converter and variant AAO, and (bottom right) between converter and parental 
AAO. Blue filled squares = PSEN1; red filled circles = PSEN2; green filled triangles = APP. Regression lines and adjusted R2 values show the strength of the 
association between individual AAO and variant AAO. Converters are participants who transitioned from being asymptomatic to symptomatic during 
follow-up in the Dominantly Inherited Alzheimer Nework observational study.
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demonstrated a notable global distribution of these variants, pro-

vided variant-specific AAO and validated the predictive accuracy 

of variant and parental AAO in forecasting symptomatic onset 

(EYO). Our investigations identified 550 ADAD variants, with 226 

considered eligible for DIAN-TU trial eligibility. The DIAN OBS 

and DIAN-TU studies offered deep phenotype data, which included 

clinical, cognitive, fluid and neuroimaging biomarkers for 109 var-

iants spanning PSEN1, PSEN2 and APP, which supported the classi-

fication of several VUS or those not previously reported in the 

literature. Overall, our findings not only enhance the genetic and 

clinical understanding of ADAD but will also inform future ADAD 

prevention trials.

The occurrence of ADAD varied across different countries, with 

the USA, France and UK documenting the highest number of ADAD 

variants. This observation is consistent with previous studies that 

have reported a higher frequency of ADAD in developed coun-

tries.30-32,34 However, the observed variation in ADAD frequency is 

in part due to unequal access to diagnostic testing, including genetic 

testing. Similarly, the lack of reporting on ADAD variants from some 

countries might be related to limited access to healthcare, lack of 

awareness and resource limitations. DIAN is attempting to mitigate 

these issues through comprehensive outreach programmes and 

the support of genetic counselling and testing via a growing number 

of increasingly distributed study sites in regions with fewer 

resources.14,15

Relative to a previous analysis,22 we have expanded the number 

of ADAD variants with variant AAOs and included a larger number 

of mutation carriers with known age at symptom onset (n = 2110), 

which will enhance the accuracy of the predicted AAO in ADAD pa-

tients. Our study also supports using variant and parental AAOs to 

predict an individual’s AAO (EYO). In assessing the predictive ac-

curacy of AAO in DIAN converters, a comparison between the ob-

served AAO and the expected AAO derived from parental data 

revealed an average discrepancy of −1.1 years (95% CI: −2.6 to 

0.5), indicating the strength of parental AAO to predict symptomat-

ic AAO at preclinical stages. A similar analysis comparing observed 

to variant AAOs showed a slightly smaller discrepancy of −0.9 

years (95% CI: −2.3 to 0.5). Despite the high correlation between 

variant AAO and participant symptomatic AAO, our findings also 

highlight variability in AAO across individuals within families 

and within variants. This variability suggests that additional fac-

tors may either confer resilience or pose risks, thereby significantly 

influencing the clinical presentation and progression of the dis-

ease.35 Variability across different variants is likely explained by 

the differential effects of each variant on -secretase activity and 

A production. A previous analysis in the DIAN OBS study indicated 

that variants in the 3rd transmembrane domain of PSEN1 were asso-

ciated with pronounced Pittsburgh Compound B (PIB) accumulation 

and steep cognitive declines. In contrast, variants in the 8th trans-

membrane domain showed only modest PIB accumulation. 

Distinctions were more pronounced when comparing variants based 

on their location relative to codon 200.19 In addition, carriers of 

transmembrane-affecting variants exhibited more severe cognitive 

impairment, reduced hippocampal volume and higher phosphory-

lated tau levels compared with cytoplasmic variant carriers and 

non-carriers.36

These variant-level effects primarily capture the initial stage in 

the AD cascade, leading to tau aggregation, neurodegeneration and 

cognitive decline. Consequently, variability in the AAO within fam-

ilies carrying the same variant is likely due to differences in add-

itional genetic, environmental or lifestyle factors that modulate 

these downstream processes.

Variability in this study and others underscores the need to fur-

ther refine predictive models to enhance clinical utility.37,38 Current 

models are based only on familial data, which may not account for 

environmental factors or interactions between multiple genetic 

loci that could influence AAO in a broader population. It is also im-

portant to recognize that study findings apply to participants at the 

group level. For individuals carrying such variants, it is crucial to 

understand that the development of the disease within 1 year of 

EYO is not assured. Lifestyle factors and other risk factors can sig-

nificantly influence the onset and progression of the disease.39,40

Such insights emphasize the importance of a current comprehen-

sive dataset in improving the accuracy of predictive models for 

AAO in ADAD patients.

In our evaluation, 226 of the 550 ADAD variants analysed met 

the eligibility criteria for the DIAN-TU trial. The robustness and re-

liability of the DIAN-TU algorithm are enriched by the integration of 

clinical, cognitive and biomarker data from the DIAN studies, 

which allowed the inclusion of variants previously categorized as 

VUS and the identification of 21 novel pathogenic variants to be eli-

gible for trial inclusion. These outcomes support the need for on-

going updates and reassessments in genetic variant databases to 

enhance their clinical relevance and accuracy. Moreover, the de-

monstrated precision of the DIAN-TU algorithm in evaluating trial- 

worthy variants suggests its potential for wider application in clin-

ical and research settings.

Recent advancements in the study of ADAD underscore the 

need to understand the pre-symptomatic stages of AD and imple-

ment early disease-modifying trials.41,42 Knowledge concerning 

the duration of the pre-symptomatic stages of AD and the ability 

to accurately define EYO are central to efforts to improve early de-

tection and management of AD, and to the design of clinical trials 

aimed at preventing the symptomatic onset of AD.43,44 Our findings 

highlight the utility of using AAO and EYO as screening tools to en-

hance selection of participants with ADAD for clinical trials, min-

imize confounding variables and improve the likelihood of 

successful outcomes through more accurate EYO estimation. 

These measures can inform the design of prevention trials and 

the implementation of stringent inclusion and exclusion criteria, 

ensuring that suitable candidates are enrolled at appropriate 

ages, thus enhancing trial reliability. Furthermore, our study ex-

tends beyond conventional uses of AAO and EYO by incorporating 

a globally representative dataset, which allows for the discovery 

of novel ADAD variants. This broadens our understanding of 

ADAD’s genetic and clinical diversity, enabling healthcare profes-

sionals to utilize our comprehensive data for more precise outcome 

forecasting, informed treatment planning and prognostication in 

patients with ADAD. Collectively, these findings have the potential 

to impact patient care and advance the development of treatments 

for AD.

The use of the CADD score in this study underscores its value as 

a robust tool for predicting the pathogenicity of genetic variants in 

ADAD. Higher CADD scores were associated with variants classified 

as pathogenic, affirming the score’s effectiveness in distinguishing 

likely pathogenic variants from benign variations in a clinical con-

text. However, the reliance on CADD scores also presents certain 

limitations. CADD has limitations in classifying large structural or 

splice-site variants and is influenced by reported clinical observa-

tions, allele frequencies and molecular data. While the CADD ap-

proach is evolving, factors such as variant spectrum, penetrance, 

resilience mechanisms, genetic background, disorder heterogen-

eity, variant classification quality and inheritance patterns must 

be considered to enhance its clinical utility. Therefore, while 
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CADD scores are instrumental in enhancing the predictive accur-

acy of our pathogenicity assessments, they should be interpreted 

with caution and supplemented with disease-specific functional 

assays and clinical data when available.

This manuscript presents several distinct strengths that contrib-

ute to the field of neurogenetics and the ongoing study of ADAD. 

First, we offer a comprehensive analysis of 550 genetic variants in 

the PSEN1, PSEN2 and APP genes, which allows for a detailed examin-

ation of the genetic landscape of ADAD, offering a richer understand-

ing of its global prevalence and genetic diversity that may inform 

public health strategies and resource allocation for AD care and pre-

vention globally. Second, a substantial contribution of this study is 

the innovative use of the DIAN-TU pathogenicity algorithm, which 

integrates clinical, biomarker and genetic data to enhance the accur-

acy of variant eligibility for clinical trials. Additionally, our approach 

validates the predictive accuracy of the estimated AAO models and 

supports its application in clinical trials aimed at prevention. 

Overall, these findings have direct implications for the design and 

execution of clinical trials aimed at preventing or delaying the onset 

of AD symptoms in at-risk populations.

However, this study is also subject to certain limitations. First, it is 

possible that pertinent studies may have been overlooked despite a 

systematic literature review. Additionally, our systemic review was 

limited to variants with sufficient information to accurately deter-

mine an AAO (227/550). Second, the use of AAO instead of age at diag-

nosis was intended to account for differences in delay to diagnosis. 

However, this method is subject to its own limitations. In many 

cases, the AAO is reported by participants with mild cognitive im-

pairment or their caregivers, which may result in recall bias. 

Furthermore, the estimation of AAO relied on clinical data that 

may have variability in diagnostic accuracy and criteria across differ-

ent research sites, which could affect the consistency of the symp-

tomatic AAO data and the classification of variants. Third, although 

the study covers a large number of genetic variants, the geographic 

distribution of the studied population may not fully represent global 

diversity. Certain regions are underrepresented due to limited access 

to genetic testing, potentially impeding the generalization of study 

findings across ethnic and racial groups. Additionally, reports of 

new variants are more likely to occur in regions with active ADAD re-

search programmes. While healthcare institutions with clinical gen-

etic diagnostic capabilities might conduct testing for APP, PSEN1 and 

PSEN2, routine clinical findings might not be documented in the sci-

entific literature without an active research programme.

Finally, the field of genetic research in AD is rapidly advancing. 

As the landscape of genomic data expands and new ADAD variants 

and families are described, interpretations and conclusions drawn 

in this study will need to be revisited and revised.
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some data are not publicly accessible.
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