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Transferability of European-derived 
Alzheimer’s disease polygenic risk scores 
across multiancestry populations

 

A polygenic score (PGS) for Alzheimer’s disease (AD) was derived 

recently from data on genome-wide significant loci in European ancestry 

populations. We applied this PGS to populations in 17 European countries 

and observed a consistent association with the AD risk, age at onset 

and cerebrospinal fluid levels of AD biomarkers, independently of 

apolipoprotein E locus (APOE). This PGS was also associated with the AD 

risk in many other populations of diverse ancestries. A cross-ancestry 

polygenic risk score improved the association with the AD risk in most of 

the multiancestry populations tested when the APOE region was included. 

Finally, we found that the PGS/polygenic risk score captured AD-specific 

information because the association weakened as the diagnosis was 

broadened. In conclusion, a simple PGS captures the AD-specific genetic 

information that is common to populations of different ancestries, although 

studies of more diverse populations are still needed to better characterize 

the genetics of AD.

Over the last 15 years, genome-wide association studies (GWASs) have 

fostered the development of powerful approaches for characterizing 

disease processes and the introduction of diagnostic/prognostic tools 

such as polygenic scores (PGSs)1,2. Given the high estimated heritability 

(60–80%, in twin studies) of Alzheimer’s disease (AD)3, a number of PGSs 

have been developed; associations with AD risk or related phenotypes 

have been described for almost all of the scores4–10. However, interstudy 

comparisons are complicated by marked differences in the popula-

tions analyzed, the PGS calculation methods, the summary statistics 

used and the variants included11. Furthermore, most PGSs have been 

developed from studies of European ancestry populations, and only 

a few studies have investigated PGSs performance in populations of 

different ancestries12–15.

Here, we describe the generation of a PGS (PGSALZ) that includes the 

genome-wide significant, independent sentinel single nucleotide poly-

morphisms (SNPs) at the loci reported by Bellenguez et al.16, excluding 

the apolipoprotein E (APOE) locus (n = 83; see Supplementary Table 1 

for the list of variants). We studied the associations between PGSALZ and 

AD risk or relevant endophenotypes in populations from 17 European 

countries and then extended the analysis to populations of diverse 

ancestries (from Asia, Africa, Latin America and North America). Finally, 

as already performed for other complex human diseases17–20, and with 

a view to improving the predictive performance of PGSALZ (refs. 2,21), 

we generated a cross-ancestry polygenic risk score (PRS) by integrating 

GWAS summary statistics from several populations.

We first evaluated the association between PGSALZ and AD risk in 

case–control studies of European countries (see Supplementary Table 2 

for population description and adjustments used in each population 

and Supplementary Figs. 1–3 for PGSALZ distributions). PGSALZ was 

associated significantly with AD risk irrespective of APOE adjustment 

(Extended Data Fig. 1a and Supplementary Fig. 4). PGSALZ was similarly 

associated with AD risk in men and in women (Extended Data Fig. 1b and 

Supplementary Fig. 6). Furthermore, the score was associated with a 

younger age at onset (Extended Data Fig. 2). It is noteworthy that when 

the PGSs were adjusted for difference in PGSALZ distribution between 

the European populations, the association with AD remained similar 

(Supplementary Fig. 5).

As we did not identify any potential bias/heterogeneity when 

comparing PGSALZ in the European populations, we performed a 

combined analysis (mega-analysis) of our European datasets to assess 
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Asia (China, Japan and Korea), North Africa (Tunisia), sub-Saharan 

Africa (Central African Republic/the Congo Republic), South America 

(Argentina, Brazil, Chile and Colombia) and African American, Native 

American and Latin American ancestry populations from US studies 

(that is, more than 75% African American or Native American ancestry 

or self-reporting for Latin American populations; see Extended Data 

Fig. 3a and Supplementary Table 2 for a description of the population). 

With the exception of the analyses for Korea and Japan (where 72 and 

74 SNPs, respectively, were available), most PGSs were built from 78 

to 85 SNPs (including APOE variants; see Supplementary Table 1 and 

Supplementary Figs. 8–10 for PGSALZ distributions). The strength of 

the APOE ε4-AD association differed from one population to another, 

as observed previously23,24. The odds ratios (ORs) ranged from 1.36 

in sub-Saharan Africa to 5.46 in North Africa (Extended Data Fig. 3b).

As expected, the association between PGSALZ and AD risk was 

strongest in European ancestry populations (United States and Aus-

tralia). PGSALZ was also significantly associated with AD risk in North 

African, East Asian, Latin American and African American populations 

(Fig. 3a and Supplementary Fig. 11). Finally, PGSALZ was not associated 

with AD risk in the sub-Saharan African and Indian populations; this 

might be related to the small sample size and corresponding lack of 

statistical power. PGSALZ was associated with a younger age at onset 

in most of the populations studied, with the notable exception of the 

Chinese and Korean populations (Extended Data Fig. 4). Of note, the 

APOE ε2/ε3/ε4 alleles influenced age at onset in Chinese and Korean 

populations (Supplementary Fig. 12).

To refine our analysis of these populations of diverse ances-

tries, we calculated the association between AD and PGSALZ quintiles 

(0–20%, 20–40%, 60–80% and 80–100%; reference, 40–60%) and 

meta-analyzed them by ancestry (Fig. 3b,c and Supplementary Tables 6 

and 7). The Indian, North African and sub-Saharan African populations 

were excluded because of the small sample size. The strength of the 

association with PGSALZ decreased from the European American, East 

Asian and Latin American populations to the African American popula-

tion, in that order (Fig. 3b and Supplementary Table 6). PGSALZ gener-

ated from a European ancestry population GWAS performed poorly in 

African ancestry populations.

the risk of developing AD within various PGSALZ strata: 0–2%, 2–5%, 

10–20%, 20–40%, 60–80%, 80–90%, 90–95%, 95–98% and 98–100%, 

with the 40–60% PGSALZ stratum as the reference. We also generated 

a PGS that included both the sentinel AD GWAS loci and the two SNPs 

defining the ε2/ε3/ε4 APOE alleles. As expected, the risk of developing 

AD in the most extreme strata was particularly high when APOE was 

included (Fig. 1a). The association with PGSALZ was also significant 

in all strata analyzed, irrespective of APOE adjustment. In the 0–2% 

and 98–100% strata, PGSALZ was associated with a greater than two-

fold decrease in AD risk and a greater than threefold increase in AD 

risk, respectively, compared with the 40–60% stratum (Fig. 1a and  

Supplementary Table 3).

Since these results suggested that association of PGSALZ was inde-

pendent of APOE, we leveraged our mega-analysis to determine how 

PGSALZ interacted with the APOE genotypes. We found a weak inter-

action between PGSALZ, the number of APOE ε4 alleles and AD risk 

(P = 3 × 10−4). Next, we stratified the mega-analysis into four APOE geno-

type groups (ε2ε2/ε2ε3, ε3ε3, ε2ε4/ε3ε4 and ε4ε4) and assessed the 

association between PGSALZ and AD risk per quintile (0–20%, 20–40%, 

60–80% and 80–100%) for each subpopulation (reference, 40–60% 

stratum). PGSALZ was associated with AD risk to a similar extent in all 

strata, although a stronger association might be present among ε4ε4 

carriers (Fig. 1b and Supplementary Table 4).

To determine whether PGSALZ is associated with AD pathophysi-

ological processes, we analyzed GWAS data on CSF levels of Aβ42, tau 

and p-tau (n = 13,051 individuals), as described previously22. PGSALZ 

was associated with a decrement in Aβ42 levels and an increment in tau 

and p-tau levels, whatever the adjustment for APOE (Fig. 2a,b and Sup-

plementary Fig. 7). We also checked for a possible association between 

PGSALZ and Aβ42 levels, tau and p-tau levels in quintiles (0–20%, 20–40%, 

60–80% and 80–100%); again, the 40–60% stratum served as the refer-

ence. As expected, PGSALZ was associated with the lowest and highest 

levels of p-tau and Aβ42 in the 0–20% strata and, conversely, the highest 

and lowest levels of p-tau and Aβ42 in the 80–100% stratum (Fig. 2c and 

Supplementary Table 5).

We then extended the PGSALZ analyses to other European ancestry 

populations (United States, Australia), populations from India, East 
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Fig. 1 | Associations between the various PGSs and the risk of developing AD 

as a function of APOE status (25,782 AD cases and 35,280 controls). a, The risk 

of developing AD, by PGSALZ stratum (0–2%, 2–5%, 10–20%, 20–40%, 60–80%, 

80–90%, 90–95%, 95–98% and 98–100%). The 40–60% PGSALZ stratum was used 

as the reference. b, Risk of developing AD, by PGSALZ stratum (0–20%, 20–40%, 

60–80% and 80–100%) and by APOE genotype (by grouping together the ε2ε2/

ε2ε3, ε3ε3, ε2ε4/ε3ε4 and ε4ε4 carriers). The 40–60% PGSALZ stratum was used as 

the reference. OR per s.d. was calculated by logistic regression adjusted for age, 

gender, 14 first PCs and chip center if necessary. The lines indicate the 95% CI of 

each OR. ε2ε2/ε2ε3 carriers (960 AD cases and 3,604 controls), ε3ε3 (15,623 AD 

cases and 17,782 controls), ε2ε4/ε3ε4 (8,780 AD cases and 6,242 controls) and 

ε4ε4 carriers (2,309 AD cases and 479 controls).
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The latter observation was strengthened by analyzing the associa-

tion between PGSALZ and AD risk as a function of the African American 

admixture. The strength of the association decreased as the percentage 

of African ancestry increased, and ultimately reached a level similar to 

that observed in our sub-Saharan African population: the association 

between PGSALZ and AD risk in populations in whom more than 90% of 

the members were of African ancestry had an OR of 1.09 (95% confi-

dence interval (CI) 0.98–1.21; P = 1.4 × 10−1, adjusted for APOE). Of note, 

a similar pattern was observed in the Native American population of 

the Alzheimer Disease Sequencing Project: the strength of the associa-

tion decreased as the Native American ancestry percentage increased, 

from OR = 1.21 (95% CI, 1.12–1.32; P = 5.3 × 10−6) and OR = 1.14 (95% CI, 

1.05–1.25; P = 2.6 × 10−3) to OR = 1.12 (95% CI, 1.02–1.24; P = 1.4 × 10−2 

in the populations with more than 50%, 75% and 90% of individuals of 

Native American ancestry, respectively, after adjustment for APOE. A 

similar result was found for Chilean and Argentinian populations: the 

PGSALZ association weakened as the proportion of individuals with 

Native American ancestry rose14.

We next checked that we had fully captured the genetic infor-

mation in the GWAS-defined loci in the non-European populations. 

To this end, we developed a PGS (PGSALZ+) that included other SNPs 

associated with AD risk in non-European multiancestry populations 

(P < 10−3) at the European GWAS-defined loci (Methods). We used 

the summary statistics generated by Kunkle et al.25, Lake et al.26 and 

Shigemizu et al.27, and added 30, 13 and 47 variants to the initial 83 

PGSALZ variants for Latin American, East Asian and African American 

ancestries, respectively (Supplementary Table 8). We did not detect 

any increment in (1) the strength of the PGSALZ+ association with the 

AD risk or (2) PGSALZ+’s predictive performance, relative to PGSALZ 

(Supplementary Table 9).
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Fig. 2 | Association of PGSALZ with Aβ42 and p-tau in cerebrospinal fluid. 

a–c, Association of PGSALZ with the level of normalized Aβ42 (a) and p-tau (b) 

in cerebrospinal fluid (n = 13,004) across European ancestry populations and 

according to PGSALZ strata (0–20%, 20–40%, 60–80% and 80–100%) (c); the 40–

60% PGSALZ stratum was used as the reference. β values were calculated by general 

linear model and logistic regression adjusted for APOE, age, gender, ten first PCs 

and chip center if necessary. The horizontal lines in the forest plots indicate the 

95% CI of each β value. If heterogeneity P (HetP) < 0.05, a random effect is shown 

for the meta-analysis results. I2; heterogeneity.
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By initially restricting our analyses to the genome-wide significant 

loci from European ancestry AD GWAS, we probably excluded genetic 

information associated with AD risk in both European populations 

and (especially) non-European multiancestry populations (for which 

ancestry-specific loci may exist). Furthermore, the effect sizes used to 

construct PGSALZ were extracted from European ancestry populations 

without taking account of population differences. To deal with these 

various questions, we used the Bayesian polygenic modeling method 

PRS-CSx to build a cross-ancestry PRS20. The PRS re-estimates vari-

ant effect sizes by coupling various summary statistics with external 

ancestry-matched allele frequencies and local linkage disequilibrium 

structure, according to the sparseness of the genetic architecture of AD. 

We used GWAS summary statistics generated from European (36,569 

AD cases and 63,137 controls), African American (2,784 AD cases and 

5,222 controls), Latin American (1,088 AD cases and 1,152 controls) 

and East Asian (3,962 AD cases and 4,074 controls) populations25–27. 

PRSs (all adjusted for the population structure) were generated in 

multiancestry populations from the Million Veteran Program (MVP; 

European American, Latin American and African American ancestries), 

EPIDEMCA (sub-Saharan Africa ancestry) and GARD studies (East Asian 

ancestry; Supplementary Fig. 13).

We assessed potential increments in the association of PRS with 

the AD risk and in predictive performance when the summary statis-

tics of the European American, African American, Latin American or 

East Asian multiancestry populations were applied independently 

(PRSEUR, PRSAA, PRSLA and PRSEA, respectively) or when the statistics 

were combined (PRSCOMB) at various sparseness values (10−8, 10−7, 10−6, 

10−5, 10−4, 10−2 and 1). We initially excluded the APOE region, to facilitate 

the comparison with PGSALZ. We did not observe any increases in the 

association with AD risk or in predictive performance in the different 

multiancestry populations (Fig. 4, Supplementary Fig. 14 and Sup-

plementary Table 10), with the exception of the Latin American MVP 

population. However, we cannot rule out overfitting as the reason for 

this improvement. Next, we included the APOE region when generating 

the different PRSs. Whereas no impact on European ancestry popula-

tions was observed when comparing PRSEUR and PRSCOMB, we detected 

an increment in both the strength of association with the AD risk and 

in the predictive performance when comparing PRSEUR and PRSCOMB for 

all other populations. This indicated that a cross-ancestry PRS is more 

effective than a PRS constructed solely from European summary statis-

tics when the APOE region is included, whatever the overall shrinkage 

value used (Fig. 5, Supplementary Fig. 14 and Supplementary Table 10).

Finally, we leveraged the MVP data to determine how the associa-

tion between PGSALZ or PRSCOMB (without the APOE region) and AD risk 

changed in multiancestry populations as a function of diagnostic speci-

ficity. We looked at how a PGSALZ/PRSCOMB derived from AD case/control 

studies performed when the diagnosis was broadened to dementia. 

In all the multiancestry population studied, the association between 

PGSALZ/PRSCOMB and AD risk weakened as the diagnosis became broader 

(Fig. 6 and Supplementary Table 11).

Our work produced several important findings. First, the asso-

ciations between PGSALZ and AD risk in European populations may be 

influenced slightly by the APOE genotype; this suggests the existence 

of two independent genetic entities for sporadic AD: one associated 
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Fig. 3 | Association of PGSALZ across multiancestry populations. a, Association 

of PGSALZ with the risk of developing AD in multiancestry populations. The 

European ancestry meta-analysis includes MVP and Australia. The African 

American ancestry (more than 75% AA ancestry) meta-analysis includes MVP and 

ADSP. The East Asia meta-analysis includes China, Korea and Japan. The Latin 

American ancestry (self-reported) meta-analysis includes MVP and ADSP. The 

South America meta-analysis includes Argentina, Brazil, Chile and Colombia. 

b, The risk of developing AD, according to PGSALZ (logistic regression adjusted 

or not for APOE or included APOE variants) strata (0–20%, 20–40%, 60–80% and 

80–100%) in multiancestry populations. The 40–60% PGSALZ stratum was used as 

the reference in each population, and results were meta-analyzed. The European 

ancestry meta-analysis includes MVP and Australia. The African American 

ancestry meta-analysis includes MVP and ADSP. The East Asia meta-analysis 

includes China, Korea and Japan. The Latin American ancestry meta-analysis 

includes MVP and ADSP. The South America meta-analysis includes Argentina, 

Brazil, Chile and Colombia. Ncases, number of cases; Ncontrols, number of controls. 

OR per s.d. was calculated by logistic regression adjusted for APOE, age, sex 

and specific PCs according to the study (Supplementary Table 2). The lines in 

the Forest plots indicate the 95% CI of each OR. If HetP < 0.05, a random effect is 

shown for the meta-analysis results. AA, African American; EUR, European; LA, 

Latin American.
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with APOE ε4 and the other not, as suggested previously28. Second, the 

simple PGSALZ (based on the European GWAS-defined loci) seems to be 

enough to detect an AD genetic risk in most ancestry populations. Our 

results thus suggest that most of the various ancestry populations are 

likely to be affected by shared pathophysiological processes that are 

driven in part by genetic risk factors. Third, in contrast to what has been 

observed in the genetics of complex traits29 and other multifactorial 

diseases17,30,31, a cross-ancestry PRS built with a Bayesian polygenic 

modeling method did not systematically outperform a simple PGSALZ 

when the APOE locus was excluded. This observation might be due to 

the small population size of GWAS for the various ancestry populations, 

which can significantly limit the power of the PRS-CSx approach. How-

ever, this might also indicate that a high proportion of AD genetic risk 

is already accounted for by the European ancestry GWAS-defined loci. 

Fourth, the APOE region appears to contain additional multiancestry 

genetic variability, as suggested previously32–35. Finally, the PGS/PRS 

associations capture mainly genetic information related to AD because 

they weakened as the diagnosis was broadened. This observation 

suggests that the quality of the clinical diagnosis can interfere with 

the measurement of the association between the PGS/PRS and the AD 

risk in a given population.

In conclusion, our study of diverse ancestry populations and AD 

highlights the importance of cross-ancestry analyses for characterizing 

the genetic complexities of this disease. However, the AD genetics field 

is still limited by the size of GWASs in these diverse ancestry popula-

tions. Furthermore, it is likely that different ancestry populations 

will differ strongly regarding rare/very rare variants associated with 

AD risk; this would significantly impact the association of PRSs with 

AD risk and their predictive abilities36. Better characterization of AD 

genetics thus requires both GWASs and sequencing studies of more 

diverse populations.
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Methods
Sample and variant quality controls
Written informed consent was obtained from study participants or, 

for those with substantial cognitive impairment, a caregiver, legal 

guardian or other proxy. Study protocols for all cohorts were reviewed 

and approved by the appropriate institutional review boards (Supple-

mentary Information).

To ensure that the β values were completely independent of the 

summary statistics, all samples from ADGC, CHARGE and FinnGen 

GWASs were filtered out. Sample overlap was assessed systematically, 

and there was no sample overlap between any of the non-US studies 

analyzed. Overlap between Alzheimer's Disease Sequencing Project 

ADSP and MVP is likely to be negligible—no more than a few cases. 

For the biomarker analysis, there is a 460-sample overlap between 

the American samples used in the biomarker analyses and the ADGC 

(which is included in the summary statistics we used to generate the β 

values for the PGSALZ). However, this overlap is small (less than 2.5%). 

Furthermore, we analyzed the association of PGSALZ only with quantita-

tive traits (p-tau, tau and Aβ42 CSF concentrations) in these samples, 

which limited the risk of inflation.

After each sample had met the conventional GWAS gold standard 

for quality control, it was included in the analyses16. If a discordance in 

a variant dose, covariate or APOE status (the difference between the 

imputation and the genotyping results (if available)) was observed, 

the sample was discarded. After the quality control, each study’s 

demographics were described (Supplementary Table 1)37. Genotyped 

variants had to meet the gold standard for GWAS variant quality con-

trol16. All studies containing genotyping data were imputed with the 

TOPmed reference panel37,38. If the variants were imputed, those with 

an R2 value below 0.3 were excluded. For whole-genome sequencing 

data, only variants passing the corresponding quality control were 

selected (see the Supplementary Information for the ADSP and China 

samples) (Supplementary Table 2). The global ancestry of each person 

in the ADSP samples was determined with SNPweights v.2.1 (ref. 39) 

using a set of ancestry-weighted variants computed on reference 

populations from the 1000 Genomes Project (as in ref. 40). By apply-

ing a global ancestry percentage cutoff of >75%, the samples were 

assigned to the different ancestry populations. The ancestry of MVP 

participants was determined using the harmonized ancestry and race/

ethnicity (HARE) method41. HARE is like other genotype-based ances-

try calling methods, except that concordance between self-reported 

ancestry and genetically inferred ancestry is checked. Participants 

with discrepant ancestry calls are not assigned to a HARE category. 

Within-group principal components (PCs) for ancestry were computed 

using FlashPCA2 (ref. 42).

Mega-analysis of European populations
We merged samples from five datasets: EADB-core, GERAD, EADI, Dem-

gene and Bonn. To adjust for population structure, we computed PCs 

using the following procedure. From the list of 146,705 variants used 

in the PC analysis of EADB-core42, we extracted the TOPMed imputed 

variants with an imputation quality ≥0.9 in each dataset; this resulted 

in 91,353 variants. Next, we set a genotype to ‘missing’ if none of the 

genotype probabilities were greater than 0.8. Finally, all datasets were 

merged, and variants with a proportion of missing genotypes greater 

than 0.02 were removed. Ultimately, 90,471 variants were included 

in the PC analysis (performed with FlashPCA2). The analyses were 

adjusted for the first 14 PCs, the genotyping chip and the center.

PGS and PRS computations
All codes for PGS and PRS analyses have been made available43. The 

equation used to calculate the PGSs and the PRSs is as follows:

where the  PRSsample is the sum per sample of the product of the 

variant i effect size βi (extracted from GWAS summary statistics) and 

the number of risk alleles of this variant i (either as a dosage or as a 

genotype).

PGSALZ includes the 83 independent signals associated with AD13 

and listed in Supplementary Table 1. We also calculated another PGSALZ 

combining the same 83 independent signals and the two SNPs encoding 

the APOE ε2 (rs7412) and APOE ε4 alleles (rs429358). PGSAPOE includes 

only these two last SNPs. The stage I meta-analysis of EADB studies13 

(without the United Kingdom (UK) Biobank samples) contained 36,659 

clinically diagnosed AD cases, and the stage II meta-analysis (including 

the ADGC, CHARGE and FinnGen data) contained 25,392 (ref. 13). To 

ensure independence between the samples and the GWAS summary 

statistics, the European summary statistics used in the PGS analyses 

were from stage II. In the PGSALZ/PRS analyses adjusted for the differ-

ence in distribution between populations, the European more powerful 

summary statistics (that is, the stage I meta-analysis of EADB) were 

preferred.

The PGSALZ+ score was developed to include additional SNPs 

in the GWAS-defined loci, to capture more genetic information in 

non-European ancestry populations. First, the ‘start and end positions’ 

of each locus (as specified in the GRCh38 assembly) were defined 

manually by looking at the regional plots and extracting (1) recombi-

nation rate peak positions, (2) chromosome start and end positions, 

(3) specific variant positions or (4) the start/end positions of regions 

containing no variants. Next, insertions and deletions were excluded. 

Variants that were not ambiguous (that is, A/T or C/G) and present 

in the 1000 Genomes Phase 3 data (1000GP3) and had an imputa-

tion quality above 0.3 in the EADB-core TOPMed imputations were 

selected. To extract information on these variants in non-European 

ancestry populations, we used the summary statistics generated by 

Lake et al., Shigemizu et al. and Kunkle et al. to represent Latin Ameri-

can, East Asian and African American ancestries, respectively25–27. 

Since these summary statistics were based on the GRCh37 assembly, 

we lifted their positions and alleles in the GRCh38 assembly by using 

the Picard LiftoverVcf tool (v.2.27.5) and restricting the process to 

variants with a minor allele frequency above 0.01. To remove variants 

in linkage disequilibrium with the sentinel variant of each locus, we 

computed the linkage disequilibrium for each sentinel variant versus 

all the other variants in the locus by using the 1000GP3 data restricted 

to samples representing European ancestries (the EUR superpopula-

tion), Latin American ancestries (the AMR superpopulation plus the 

IBS population), Japanese ancestries (the JPT population) and African 

American ancestries (the AFR superpopulation). Since one of the sen-

tinel variants (chr. 9:104903697:C:G) was not present in the 1000GP3 

data, we replaced it with a proxy variant (chr. 9:104903754:G:GC, 

R2 = 1 in the EUR superpopulation). In each set of summary statistics, 

we removed variants with R2 > 0.1 in either the European summary 

statistics or the summary statistics for the corresponding ancestry. 

Finally, we performed a clumping procedure on the remaining variants 

in each of the three ancestries by using plink v.1.9, a P value threshold of 

1 × 10−3, an R2 of 0.05 (as estimated in the corresponding 1000GP3 data 

samples, as described above) and a distance of 1 Mb. For the PGSALZ+, 

this led us to select 30, 13 and 47 variants (in addition to the initial 85 

PGS variants) for the Latin American, East Asian and African American 

ancestries, respectively.

At the time of our analysis, PRS-CSx20,44 was one of the best- 

performing methods for modeling a cross-ancestry PRS45,46 without a 

validation dataset and using GWAS summary statistics. With a Bayesian 

high-dimensional regression framework model based on continuous 

shrinkage priors, the variant effect sizes were adaptively re-estimated 

by coupling cross-ancestry GWAS summary statistics13,25–27, external 

ancestry-matched allele frequencies and local linkage disequilibrium 

structure, according to a global shrinkage parameter. This global 

shrinkage parameter corresponded to the sparseness of the genetic 
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architecture of AD by avoiding overshrinkage of true signals and by 

shrinking noisy signals. The sparseness was modeled for the values of 

1, 10−2, 10−4, 10−5,10−6, 10−7 and 10−8, with the --meta option and the Straw-

derman–Berger prior default parameters (a = 1 and b = 0.5). The initial 

1,297,432 variants present in the 1000 Genomes reference panel were 

lifted over in GRCh38. Next, new ancestry-specific or joint-ancestry 

effect size estimates were obtained with PRS-CSx, leading to a maxi-

mum number of 1,292,532 variants in the joint-ancestry summary sta-

tistics and potentially included in the PRS computations. The PRSs were 

computed per chromosome with joint-ancestry, European ancestry and 

ancestry-specific PRS-CSx-effect size estimates, using PLINK (v.2.0.a) 

software47 and its --score option. Finally, the PRSs were summed across 

all chromosomes.

Adjustment for interpopulation differences in the PGSALZ/PRS 
distribution
To account for the population structure, PRSraw and PGSALZ

raw were 

adjusted for interpopulation differences in distribution48. The adjust-

ment was performed with a selection of 84,035 independent and 

well-imputed (R > 0.8) variants common to all studies. Starting from 

this list of variants, FlashPCA2 projected the samples into the 1000GP3 

PC-space and calculated the projected PCs. For each study, the raw 

score was fitted into a linear model in controls, according to the first 

five projected PCs. This model was used to compute a predicted score 

in all the samples. The resulting adjusted score was the difference 

between the raw score and the predicted score.

Statistical analyses
The PGSs and PRSs were standardized to a normal distribution, using 

the mean and s.d. calculated for the samples as a whole. The associa-

tions between AD status and the various scores were tested in logistic 

regressions named according to the score and the covariates used. 

Hence, the name ‘ALZinclAPOE’ was attributed if the score included 

variants in the APOE region (from 43 Mb to 47 Mb). The other covariates 

included age and sex, as well as the covariates specific to each study 

(Supplementary Table 2).

 – Model PGSALZ: AD ~ PGSALZ + COV

 – Model PGSALZ: AD ~ PGSALZ + COV + the count of APOE ε2 alleles + 

the count of APOE ε4 alleles (when adjusted for APOE)

 – Model PRS: AD ~ PRS + COV

 – Model PRS: AD ~ PRS + COV + the count of APOE ε2 alleles + the 

count of APOE ε4 alleles (when adjusted for APOE)

 – Model PRSALZinclAPOE: AD ~ PRSALZinclAPOE + COV

To estimate the proportion of phenotypic variance explained by 

the variance in the score, we computed Nagelkerke’s Pseudo-R2
Full using 

the Nagelkerke function implemented in the rcompanion package in 

R49,50. A Pseudo-R2
Null was also computed for the covariates only. The 

adjusted Pseudo-R2 is the difference between Pseudo-R2
Full and the tied 

Pseudo-R2
Null. This adjusted Pseudo-R2 corresponds to the phenotypic 

variance explained by the genetic score only. The adjusted Pseudo-R2 

was also transformed into a liability scale for ascertained case–control 

studies51, using a prevalence value of 0.15. We consider this value of 0.15 

to be consistent for populations with a mean age greater than 75 years. 

However, this prevalence is different in multiethnic populations of the 

same mean age. Furthermore, the AD prevalence increases with age, so 

genetic liability is not homogeneous in all age groups. AD heritability 

cannot be expressed as a single number because it depends on the ages 

of the cases and controls52.

Quantile and percentile analyses
Depending on the value of the corresponding PGSALZ, the samples were 

classified into the reference group or into one of the test groups. In 

the mega-analysis, the reference group corresponded to the 40–60% 

percentile and was tested across other percentiles (0–2%, 2–5%, 5–10%, 

10–20%, 20–40%, 60–80%, 80–90%, 95–98% and 98–100%). In the 

APOE-stratified analysis and in the multiancestry analyses, the ref-

erence group was defined as the 40–60% percentile and was tested 

across the other quintiles (0–20%, 20–40%, 60–80%, 80–100%). The 

multiancestry analyses were performed on each population and then 

meta-analyzed per genetic ancestry by using the inverse variance 

method, as implemented in METAL53. It should be noted that the Indian, 

North African and sub-Saharan African populations were excluded 

because of their small sample size.

 – Model PGSALZ: AD ~ Group0/1(PGSALZ) + COV

 – Model PGSALZ: AD ~ Group0/1(PGSALZ) + COV + number of APOE 

ε2 alleles + number of APOE ε4 alleles (when adjusted for APOE)

 – Model PGSALZinclAPOE: AD ~ Group0/1(PGSALZinclAPOE) + COV

Reporting summary
Further information on research design is available in the Nature 

Portfolio Reporting Summary linked to this article.

Data availability
The EADB GWAS (without UK biobank) summary statistics used to 

develop PRS have been deposited with the European Bioinformat-

ics Institute GWAS Catalog under accession no. GCST90565439. 

Summary statistics from African American multiancestry popula-

tion used to develop PRS were accessed through NIAGADS under 

accession number NG00100. Summary statistics from Japan pop-

ulations were accessed through the National Bioscience Database 

Center (NBDC) at the Japan Science and Technology Agency ( JST) 

with accession number hum0237.v1.gwas.v1. 1000GP3 data is 

available at http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_col-

lections/1000_genomes_project/release/20190312_biallelic_SNV_

and_INDEL/). GRCh37 assembly data is available at https://ftp.ncbi.

nlm.nih.gov/genomes/all/GCF/000/001/405/GCF_000001405.25_

GRCh37.p13/GCF_000001405.25_GRCh37.p13_genomic.fna.gz. 

GRCh38 assembly data is available at https://ftp.ncbi.nlm.nih.gov/

genomes/all/GCF/000/001/405/GCF_000001405.39_GRCh38.p13/

GCF_000001405.39_GRCh38.p13_genomic.fna.gz. ADSP data is avail-

able at https://dss.niagads.org/datasets/ng00067/.

Code availability
All codes developed and shared with collaborators to run PGS and PRS 

are available via Zenodo at https://doi.org/10.5281/zenodo.15164089 

(ref. 43). Based on IRB and protected status of the Latin American popu-

lation in dbGaP access process for this data, the summary statistics 

of the Latin American GWAS cannot be shared. The code to generate 

it as well as the mandated dbGaP link are respectively available here: 

https://github.com/NIH-CARD/MA_MA_meta and https://www.ncbi.

nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000496.

v1.p1. SNPweights v.2.1. is available at https://hsph.harvard.edu/

research/price-lab/software/. FlashPCA2 is available at https://github.

com/gabraham/flashpca. Picard LiftoverVcf tool (v.2.27.5) is available 

at https://broadinstitute.github.io/picard/. plink v.1.9 is available at 

https://www.cog-genomics.org/plink2/. PLINK (v.2.0.a) is available 

at https://www.cog-genomics.org/plink/2.0/. rcompanion package 

is available at https://cran.r-project.org/web/packages/rcompan-

ion/. METAL v2020–05–05 is available at https://github.com/statgen/

METAL.

References
37. Das, S. et al. Next-generation genotype imputation service and 

methods. Nat. Genet. 48, 1284–1287 (2016).
38. Taliun, D. et al. Sequencing of 53,831 diverse genomes from the 

NHLBI TOPMed program. Nature 590, 290–299 (2021).



Nature Genetics

Letter https://doi.org/10.1038/s41588-025-02227-w

39. Chen, C.-Y. et al. Improved ancestry inference using weights from 
external reference panels. Bioinformatics 29, 1399–1406 (2013).

40. Le Guen, Y. et al. Multiancestry analysis of the HLA locus in 
Alzheimer’s and Parkinson’s diseases uncovers a shared adaptive 
immune response mediated by HLA-DRB1*04 subtypes. Proc. Natl 

Acad. Sci. USA 120, e2302720120 (2023).
41. Fang, H. et al. Harmonizing genetic ancestry and self-identified 

race/ethnicity in genome-wide association studies. Am. J. Hum. 

Genet. 105, 763–772 (2019).
42. Abraham, G., Qiu, Y. & Inouye, M. FlashPCA2: principal 

component analysis of Biobank-scale genotype datasets. 
Bioinformatics 33, 2776–2778 (2017).

43. Nicolas, A. Transferability of European-derived Alzheimer’s 
disease polygenic risk scores across multi-ancestry populations. 
Zenodo https://doi.org/10.5281/zenodo.15164089 (2025).

44. Ruan, Y. et al. Improving polygenic prediction in ancestrally 
diverse populations. Nat. Genet. 54, 573–580 (2022).

45. Ma, Y. & Zhou, X. Genetic prediction of complex traits with 
polygenic scores: a statistical review. Trends Genet. 37, 995–1011 
(2021).

46. Kurniansyah, N. et al. Evaluating the use of blood pressure 
polygenic risk scores across race/ethnic background groups. Nat. 

Commun. 14, 3202 (2023).
47. Chang, C. C. et al. Second-generation PLINK: rising to the 

challenge of larger and richer datasets. Gigascience 4, 7 (2015).
48. Hao, L. et al. Development of a clinical polygenic risk score assay 

and reporting workflow. Nat. Med. 28, 1006–1013 (2022).
49. Lee, S. H., Goddard, M. E., Wray, N. R. & Visscher, P. M. A better 

coe�icient of determination for genetic profile analysis. Genet. 

Epidemiol. 36, 214–224 (2012).
50. Choi, S. W., Mak, T. S.-H. & O’Reilly, P. F. Tutorial: a guide to 

performing polygenic risk score analyses. Nat. Protoc. 15, 
2759–2772 (2020).

51. Lee, S. H. & Wray, N. R. Novel genetic analysis for case-control 
genome-wide association studies: quantification of power and 
genomic prediction accuracy. PLoS ONE 8, e71494 (2013).

52. Baker, E. et al. What does heritability of Alzheimer’s disease 
represent? PLoS ONE 18, e0281440 (2023).

53. Willer, C. J., Li, Y. & Abecasis, G. R. METAL: fast and e�icient 
meta-analysis of genomewide association scans. Bioinformatics 
26, 2190–2191 (2010).

Acknowledgements
We thank all the study participants, researchers and staff for 
contributing to, or collecting, the data. We also thank the staff at the 
University of Lille’s high-performance computing service. This work 
was funded by a grant (European Alzheimer&Dementia DNA BioBank, 
EADB) from the EU Joint Programme—Neurodegenerative Disease 
Research (JPND) and La Fondation Recherche Alzheimer. This work 
was supported by Mécénat Mutuelles AXA. A.N. was funded by La 
Fondation pour la Recherche Médicale (EQU202003010147) and 
La Fondation Recherche Alzheimer. UMR1167 is also funded by the 
INSERM, Institut Pasteur de Lille, Lille Métropole Communauté Urbaine 
and the French government’s LABEX DISTALZ program (development 
of innovative strategies for a transdisciplinary approach to Alzheimer’s 
disease). Full consortium acknowledgements and funding are given in 
the Supplementary Note. We thank D. Fraser (Biotech Communication 
SARL, Ploudalmézeau, France) for editorial assistance.

Author contributions
A.N. and J.-C.L. coordinated the project. A.N., Y.LG., J.G., M.D.G., 
S.v.d.L, E.N.D.M., J.-F.D., H.A., V.E.-P., A. Ruiz, K.H.L., T.I., A. Ramirez, 
M.L. and J.-C.L. coordinated data collection. A.N., R. Sherva, B.G.-B., 
Y.K., M.K., J.T., I.D.R., C.D., X.Z., Y.L.G., C.E.A.-B., M.A.C.B., M. Guerchet, 
S.v.d.L., M. Goss, A.C., C.B. and F.K. analyzed the data. I.d.R., A.C., 

S.v.d.L., C.B., F.K., O.P., A. Schneider, M.D., D.R., N. Scherbaum, J.D., 
S.R.-H., L.H., L.M.-P., E.D., T.G., J. Wiltfang, S.H.-H., S. Moebus, T.T., N. 
Scarmeas, O.D.-I., F.M., J.P.-T., M.J.B., P.P., R.S.-V., V.Á., M.B., P.G.-G., R. 
Puerta, P. Mir, L.M.R., G.P.-R., J.M.G.-A., J.L.R., E.R.-R., H. Soininen, T.K., 
A.d.M., S. Mehrabian, J. Hort, M.V., K.L.R., J.Q.T., Y.A.L.P., H.H. J.C.v.S., 
H. Seelaar, J.A.H.R.C., W.J.S., I. Ramakers, F.V., A.v.d.L. P. Scheltens, 
S.B., V.F., G.S., C.G., G.P., V.G., G.N., C. Dufouil, F.P., O.H., S.D., A.B., J.-F. 
Deleuze, E.G., J.P., P. Sachdev, K.A.M., D.G., B. Arosio, P. Mecocci, V.S., 
L.P., A. Squassina, L.T., B. Borroni, B.N., P.C., D.S., I. Rainero, A. Daniele, 
J. Williams, C. Masullo, P.A., F.J., P.K., C.V.D., R.F.-S., M.T., P.S.-J., K.S., 
M.I., G.R., M.H., R. Sims, W.v.d.F., O.A.A., A. Ruiz, A. Ramirez and J-C.L. 
contributed to EADB sample collection, T.P. and S.M.L. provided the 
Australian sample. R. Sherva, R.L.H., V.M., M.P., R.Z., J.M.G., C.L.L. and 
M.L. contributed the MVP sample. M. Goss, C.L.B., B.F., Q.Y., A.J.G., T.F., 
J. Haines, L.F., A. DeStefano, E.W., R.M., M. P.-V., B.K., A. Goate, G.D.S., 
B.V., L.-S.W., Y.Y.L., C.L.D., A. Saykin, H.L.L., J.S.Y., M.A.N., S.S. and C. 
Cruchaga provided US populations. M. Guerchet, P.-M.P., P. Mbelesso, 
B. Bandzouzi, N.B.S., L. Cherni and J.-F. Dartigues contributed the 
African sample. Y.K., M.K., X.Z., H.C., N.Y.I., A.K.Y.F., F.C.F.I., A.M., N.H., 
K.O., S.N., J.G., V.E.-P., K.H.L. and T.I. contributed the East Asia sample. 
M.C.D., C.E.A.-B., M.A.C.B., N.O., T.J.-C., C. Muchnik, C. Cuesta,  
L. Campanelli, P. Solis, D.G.P., S.K., L.I.B., J.O.-R., A.G.C.M., M.F.M.,  
R. Pardo, G.A., L.A.d.M., M.A.R.S., B.d.M.V., M.T.G.C., T.J.-C., B. Angel, 
S.G., M.V.C., R.A., P.O., A. Slachevsky, C.G.-B., C.A., P.F., E.N.d.M., L.M., 
H.A., A. Ruiz and A. Ramirez contributed the South America sample. 
The core writing group were A.N., B.G.-B. and J.-C.L.

Competing interests
S.v.d.L. is a recipient of funding from ABOARD, which is a public–
private partnership financed by ZonMW (no. 73305095007) and 
Health–Holland, Topsector Life Sciences & Health (PPP-allowance; 
no. LSHM20106). C.C. has received research support from GSK and 
EISAI. The study’s funders had no role in the collection, analysis or 
interpretation of data; in the writing of the report or in the decision 
to submit the paper for publication. C.C. is an advisory board 
member for Vivid Genomics and Circular Genomics and owns stock. 
L.M.-P. received personal fees from Biogen for consulting activities 
unrelated to the submitted work. T.G. received consulting fees from 
AbbVie, Alector, Anavex, Biogen, Cogthera, Eli Lilly, Functional 
Neuromodulation, Grifols, Iqvia, Janssen, Noselab, Novo Nordisk, 
NuiCare, Orphanzyme, Roche Diagnostics, Roche Pharma, UCB and 
Vivoryon; lecture fees from Biogen, Eisai, Grifols, Medical Tribune, 
Novo Nordisk, Roche Pharma, Schwabe and Synlab; and has received 
grants to his institution from Biogen, Eisai and Roche Diagnostics. 
O.A.A. is a consultant to Cortechs and Precision Health AS, and has 
received speaker’s honoraria from Lundbeck, Sunovion, Otsuka and 
Janssen. The other authors declare no competing interests.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/
s41588-025-02227-w.

Supplementary information The online version contains 
supplementary material available at https://doi.org/10.1038/s41588-
025-02227-w.

Correspondence and requests for materials should be addressed to 
Aude Nicolas or Jean-Charles Lambert.

Peer review information Nature Genetics thanks the anonymous 
reviewers for their contribution to the peer review of this work. Peer 
reviewer reports are available.

Reprints and permissions information is available at  
www.nature.com/reprints.



Nature Genetics

Letter https://doi.org/10.1038/s41588-025-02227-w

Extended Data Fig. 1 | Association of PGSALZ with the risk of developing AD (a) 

in 17 European countries and (b) in Men and Women. Ncases, number of cases; 

Ncontrols, number of controls; OR, Odds ratio per Standard deviation were 

calculated using logistic regressions adjusted for age, gender and PCs according 

to the population studied (Supplementary Table 2). The lines in the Forest plots 

indicate the 95% confidence interval for the ORs.
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Extended Data Fig. 2 | Associations between (a) PGSALZ or (b) PGSALZ adjusted for APOE and age at onset of AD in European countries. Ncases, the number of cases. 

Since HetP <0.05, the random effect is shown for the meta-analysis results. βs were calculated using a general linear model adjusted for APOE, gender and PCs 

according to the population studied (Supplementary Table 2).
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Extended Data Fig. 3 | Distribution and association of APOE ε2/ε3/ε4 alleles 

with AD risk worldwide. (a) World map showing the populations analyzed. A 

color gradient indicates the strength of the association between APOE ε2/ε3/ε4 

alleles and the risk of developing AD in different countries (b) frequencies of APOE 

ε2/ε3/ε4 alleles in case and controls as well association of APOE ε4 alleles with the 

risk of developing AD in different countries. OR, Odds ratio were calculated using 

logistic regressions adjusted for age, gender and PCs according to the population 

studied (Supplementary Table 2). Sample sizes are reported in Supplementary 

Table 2. The map was generated using ggplot2 and royalty-free data from 

rnaturalearth (https://www.naturalearthdata.com/about/terms-of-use/).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Association between (a) PGSALZ or (b) PGSALZ (adjusted 

for APOE) and age at onset of AD in multi-ancestry populations. Ncases, number 

of cases. The African-American-ancestry meta-analysis (more than 75% of 

the population with African-American ancestry) included the MVP and ADSP 

datasets. The East Asia meta-analysis included datasets from China, Korea, and 

Japan. The Latin American (LA) ancestry (self-reporting) meta-analysis included 

the MMVP and ADSP datasets. The South America meta-analysis included the 

datasets from Argentina, Brazil, Chile, and Colombia. * not used in the meta-

analysis. βs were calculated using a general linear model adjusted for gender and 

PCs according to the population studied (Supplementary Table 2).
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 

in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 

Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 

AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 

Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection All codes developed and shared with collaborators to run PGS and PRS are available at https://doi.org/10.5281/zenodo.15164089 

Based on IRB and protected status of the Latin-American population in dbGaP access process for this data, the summary statistics of the Latin-

American GWAS cannot be shared. The code to generate it as well as the mandated dbGaP link are respectively available here: https://

github.com/NIH-CARD/MA_MA_meta 

and https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000496.v1.p1 

Data analysis SNPweights v.2.1., https://hsph.harvard.edu/research/price-lab/software/ 

FlashPCA2, https://github.com/gabraham/flashpca 

Picard LiftoverVcf tool (v2.27.5): https://broadinstitute.github.io/picard/ 

plink v1.9: https://www.cog-genomics.org/plink2/ 

PLINK (v.2.0.a): https://www.cog-genomics.org/plink/2.0/ 

rcompanion package: https://cran.r-project.org/web/packages/rcompanion/ 

METAL v2020-05-05: https://github.com/statgen/METAL 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 

reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 

- Accession codes, unique identifiers, or web links for publicly available datasets 

- A description of any restrictions on data availability 

- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

The EADB GWAS (without UK biobank) summary statistics used to develop PRS have been deposited to the European Bioinformatics Institute GWAS Catalog 

(https://www.ebi.ac.uk/gwas/) under accession no. GCST90565439. 

Summary statistics from African-American multi-ancestry population used to develop PRS were accessed through NIAGADS (https://www.niagads.org/) under 

accession number NG00100.  

Summary statistics from Japan populations were accessed through the National Bioscience Database Center (NBDC) at the Japan Science and Technology Agency 

(JST) at https://humandbs.biosciencedbc.jp/en/ through accession number hum0237.v1.gwas.v1. 

1000GP3: http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/1000_genomes_project/release/20190312_biallelic_SNV_and_INDEL/)  

GRCh37 assembly:  

https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/405/GCF_000001405.25_GRCh37.p13/GCF_000001405.25_GRCh37.p13_genomic.fna.gz 

GRCh38 assembly:  

https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/000/001/405/GCF_000001405.39_GRCh38.p13/GCF_000001405.39_GRCh38.p13_genomic.fna.gz 

ADSP: https://dss.niagads.org/datasets/ng00067/ 

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 

and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender All analyses were systematically adjusted for sex

Reporting on race, ethnicity, or 

other socially relevant 

groupings

multi-ancestry populations were defined according to genetic structure at the exception of latino-American populations, 

defined on self-declaration.

Population characteristics We used multiple independent sets of participants in this study. We adjusted the analysis for principal components. Sample 

sizes, age and gender characteristics for our sample can be found per cohort and overall in Supplementary Tables 1 and 

Supplementary Information.

Recruitment Participants from case-control studies were primarily recruited from clinics, nursing homes, disease registries, and hospitals, 

with controls being drawn from various ongoing studies and screened to exclude dementia/cognitive decline. 

Ethics oversight Written informed consent was obtained from study participants or, for those with substantial cognitive impairment, from a 

caregiver, legal guardian, or other proxy, and the study protocols for all populations were reviewed and approved by the 

appropriate Institutional review boards (IRB’s). More details can be found per cohort in Supplementary Information. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Raw data and summary statistics were collected by the EADB consortia and summary statistics were recruited by external sources used for 

meta-analysis. Sample size was not pre-determined and was chosen based on all known available cohorts with relevant data collected to date, 

after quality control steps were performed in each cohort (described in detail in Supplementary Information).

Data exclusions We exluded samples and variants based on standard quality control procedures for GWAS. Details of our quality control procedures are 

provided in the methods and supplementary information section of the manuscript.

Replication PGS/PRS analyses were performed in several independent  populations when possible

Randomization The studies used in this work are observational case-control studies, hence there is no equivalent process of randomization.
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Blinding The analysts were blinded to the status of the individuals when running the different PGS/PRS codes

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 

system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems

n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods

n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 

gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 

number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 

the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 

was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 

off-target gene editing) were examined.

Plants


