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A polygenic score (PGS) for Alzheimer’s disease (AD) was recently derived from data 328 
on genome-wide significant loci in European ancestry populations. We applied this PGS 329 
to populations in 17 European countries and observed a consistent association with AD 330 
risk, age at onset, and cerebrospinal fluid levels of AD biomarkers, independently of 331 
apolipoprotein E (APOE). This PGS was also associated with the AD risk in many other 332 
populations of diverse ancestries. A cross-ancestry polygenic risk score (PRS) 333 
improved the association with AD risk in most of the multi-ancestry populations tested 334 
when the APOE region was included. Lastly, we found that the PGS/PRS, captured AD-335 
specific information because the association weakened as the diagnosis was 336 
broadened. In conclusion, a simple PGS captures the AD-specific genetic information 337 
that is common to populations of different ancestries, but studies of more diverse 338 
populations are still needed for a better characterization of the AD genetics. 339 

Over the last 15 years, genome-wide association studies (GWASs) have fostered the 340 
development of powerful approaches for characterizing disease processes and proposed 341 
diagnostic/prognostic tools such as polygenic scores (PGS)1,2. Given the high estimated 342 
heritability (60-80%, in twin studies) of Alzheimer’s disease (AD)3, a number of PGSs have 343 
been developed and their associations with AD risk or related phenotypes have been almost 344 
systematically reported4,5,6,7,8,9,10. However, comparisons across studies are complicated by 345 
marked differences in the populations analyzed, PGS-calculation methods, the summary 346 
statistics used, and the variants included11. Furthermore, most PGSs have been developed 347 
from studies of European-ancestry populations, and only a few studies have investigated PGS 348 
performance in populations of different ancestries12,13,14,15. 349 
In this manuscript, we first generated a PGS (PGSALZ) including the genome-wide significant, 350 
independent sentinel single nucleotide polymorphisms (SNPs) at the loci reported by 351 
Bellenguez et al.16 excluding the apolipoprotein E (APOE) locus (n=83; see Supplementary 352 
Table 1 for the list of variants). We studied the associations between PGSALZ and AD risk or 353 
relevant endophenotypes in populations from 17 European countries. We next extended 354 
PGSALZ study to populations of diverse ancestries from Asia, Africa, Latin and North America. 355 
Finally, as already developed in other complex human diseases17,18,19,20, we generated a cross-356 
ancestry polygenic risk score (PRS) by integrating GWAS summary statistics from multiple 357 
populations to potentially improve PGSALZ predictive performance21,22. 358 

We first evaluated the association between PGSALZ and the risk of developing AD in case-359 
control studies of European countries (see Supplementary Table 2 for population description 360 
and adjustments used per population; Supplementary Fig. 1-3 for PGSALZ distributions). 361 
PGSALZ was significantly associated with AD risk irrespective of APOE adjustment (Extended 362 
Fig. 1A and Supplementary Fig. 4). PGSALZ was similarly associated with AD risk in men and 363 
in women (Extended Fig. 1B and Supplementary Fig. 6) and with a younger age at onset 364 
(Extended Fig. 2). It is noteworthy that when the PGSs were adjusted for difference in PGSALZ 365 
distribution between the European populations, the association with AD remained similar 366 
(Supplementary Fig. 5). 367 
As we did not identify any potential bias/heterogeneity when comparing PGSALZ in the 368 
European populations, we performed a combined analysis (mega-analysis) of our European 369 
datasets to assess the risk of developing AD within various PGSALZ strata: 0-2%, 2-5%, 10-370 
20%, 20-40%, 60-80%, 80-90%, 90-95%, 95-98%, and 98-100% with the 40-60% PGSALZ 371 
stratum as the reference. We also generated a PGS that included both the sentinel AD GWAS 372 
loci and the two SNPs defining the ε2/ε3/ε4 APOE alleles. As expected, the risk of developing 373 
AD in the most extreme strata was particularly high when APOE was included (Fig. 1A). The 374 
association with PGSALZ was also significant in all strata analyzed, irrespective of APOE 375 
adjustment. In the 0-2% and 98-100% strata, PGSALZ was respectively associated with a more 376 
than 2-fold decrease in the AD risk and a more than 3-fold increase in the AD risk compared 377 
with the 40-60% stratum (Fig. 1A and Supplementary Table 3).  378 
Since these results suggested an association for PGSALZ independently of APOE, we took 379 
advantage of our mega-analysis to determine how PGSALZ interacts with the APOE genotypes. 380 
We found a limited interaction between PGSALZ and the number APOE ε4 alleles on the risk of 381 
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developing AD (p=3x10-4). We next stratified the mega-analysis into four APOE genotype 382 
groups (ε2ε2/ε2ε3, ε3ε3, ε2ε4/ε3ε4, and ε4ε4) and assessed the association between PGSALZ 383 
and the AD risk per quintile (0-20%, 20-40%, 60-80%, and 80-100%) for each subpopulation 384 
(reference: 40-60% stratum). PGSALZ was similarly associated with the AD risk in all the strata, 385 
even if a stronger association might be present among ε4ε4 carriers (Fig. 1B and 386 
Supplementary Table 4).   387 

To determine whether PGSALZ is associated with AD pathophysiological processes, we 388 
analyzed GWAS data of CSF levels of Aβ42, tau and p-tau (n=13,051 individuals) as previously 389 
described23. PGSALZ was associated with a decrement in Aβ42 levels and an increment in tau 390 
and p-tau levels whatever the adjustment on APOE (Fig. 2A,B and Supplementary Fig. 7). We 391 
also checked the available samples for a possible association between PGSALZ and Aβ42 levels, 392 
tau and p-tau levels in quintiles (0-20%, 20-40%, 60-80%, and 80-100%); again, the 40-60% 393 
stratum served as a reference. As expected, PGSALZ was associated with the lowest and 394 
highest levels of p-tau and Aβ42 in the 0-20% strata and, conversely, the highest and lowest 395 
levels of p-tau and Aβ42 in the 80-100% stratum. (Fig. 2C and Supplementary Table 5).  396 

We then extended the PGSALZ analyses to other European-ancestry populations (USA, 397 
Australia), populations from India, East Asia (China, Japan and Korea), North Africa (Tunisia), 398 
sub-Saharan Africa (Central African Republic/the Congo Republic), South America (Argentina, 399 
Brazil, Chile, and Colombia), and African-, Native- and Latino American ancestry populations 400 
from US studies (i.e. more than 75% African or Native American ancestry or self-reporting for 401 
Latino American populations; Extended Fig. 3A; supplementary Table 2 for population 402 
description). With the exception of the analyses for Korea and Japan (where respectively 72 403 
and 74 SNPs were available), most PGSs were constructed from 78 to 85 SNPs (including 404 
APOE variants; Supplementary Table 1; Supplementary Fig. 8-10 for PGSALZ distributions). 405 
The strength of the APOE ε4-AD association differed by population, as previously described 406 
in the literature24,25. ORs ranged from 1.36 in sub-Saharan Africa to 5.46 in Maghreb (Extended 407 
Fig 3B). 408 
As expected, the PGSALZ association with AD risk was strongest in European-ancestry 409 
populations in the USA or Australia. PGSALZ was also significantly associated with the AD risk 410 
in Maghreb, East Asia, Latino American and African American populations (Fig. 3A and 411 
Supplementary Fig. 11). Lastly, PGSALZ was not associated with AD risk in the sub-Saharan 412 
African and Indian populations; this might be related to the small sample size and 413 
corresponding lack of statistical power. PGSALZ was associated with a younger age at onset in 414 
most of the populations studied, with the notable exception of the Chinese and Korean 415 
populations (Extended Fig. 4). It is noteworthy that the APOE ε2/ε3/ε4 alleles influenced age 416 
at onset in the two latter populations (Supplementary Fig. 12). 417 
To refine our analysis of these populations of diverse ancestries, we calculated the association 418 
between AD and PGSALZ quintile (0-20%, 20-40%, 60-80%, and 80-100%; reference: 40-60% 419 
stratum) and meta-analyzed them per ancestry (Fig. 3B and C, Supplementary Table 6 and 420 
Supplementary Table 7). The Indian, Maghreb and sub-Saharan African populations were 421 
excluded because of the small sample size. The strength of the association with PGSALZ 422 
decreased from the European American, East Asian, and Latino American populations to the 423 
African American population, in that order (Fig. 3B and supplementary Table 6). PGSALZ 424 
generated from European-ancestry population GWAS performed poorly in African-ancestry 425 
populations.  426 
This latter observation was strengthened by analyzing the association between PGSALZ and 427 
AD risk as a function of the African American admixture. The strength of the association 428 
decreased as the percentage of African-ancestry increased and ultimately reached a level 429 
similar to that observed in our sub-Saharan African population: the association between 430 
PGSALZ and the AD risk in populations in whom more than 90% of the members were of African 431 
ancestry had an OR of 1.09 (95%CI 0.98-1.21, P=1.4x10-1, adjusted on APOE). It is noteworthy 432 
that a similar pattern was observed in the Alzheimer Disease Sequencing Project (ADSP) 433 
Native American population: the strength of the association decreased as the Native American-434 
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ancestry percentage increased from OR=1.21 (95%CI 1.12-1.32), P=5.3x10-6 and OR=1.14 435 
(95%CI 1.05-1.25), P=2.6x10-3 to OR=1.12 (95%CI 1.02-1.24, P=1.4x10-2 in the populations 436 
with more than 50%, 75% and 90% of individuals of Native American-ancestry, respectively; 437 
adjusted for APOE. A similar finding was seen in Chilean and Argentinian populations: the 438 
PGSALZ association weakened as the proportion of Native American ancestry rose14.   439 

We next checked whether we had fully captured the genetic information within the GWAS-440 
defined loci in the non-European admixed populations. To this end, we developed a PGS 441 
(PGSALZ+) that included other SNPs associated with AD risk in non-European ancestry 442 
populations (p<10-3) at the European-GWAS-defined loci (for details, see Online Methods). We 443 
used the summary statistics generated by Kunkle et al.26, Lake et al.27 and Shigemizu et al.28, 444 
and added 30, 13 and 47 variants to the initial 83 PGSALZ variants for Latino American, East 445 
Asian and African American ancestries, respectively (Supplementary Table 8). We did not 446 
detect any increment in the strength of the PGSALZ+ association with the AD risk or in PGSALZ+ 447 
predictive performance, relative to PGSALZ (Supplementary Table 9). 448 

By initially restricting our analyses to the genome-wide significant loci from European ancestry 449 
AD GWAS, we likely excluded genetic information associated with the risk of developing AD 450 
in these European populations and (especially) non-European multi-ancestry populations (for 451 
which ancestry-specific loci may exist). Furthermore, the effect sizes used to construct PGSALZ 452 
were extracted from European ancestry populations without taking account population 453 
differences. To deal with these various questions, we used the Bayesian polygenic modeling 454 
method PRS-CSx to build a cross-ancestry PRS (PRS)20 which re-estimates variant effect 455 
sizes, by coupling diverse summary statistics with external ancestry-matched allele 456 
frequencies and local Linkage Disequilibrium structure, according to a sparseness parameter 457 
of the genetic architecture of AD. We used GWAS summary statistics generated from 458 
European (36,569 AD cases and 63,137 controls), African American (2,784 AD cases and 459 
5,222 controls), Latino American (1,088 AD cases and 1,152 controls) and East Asian (3,962 460 
AD cases and 4,074 controls) populations26,27,28. Polygenic Risk Scores (PRS), all adjusted for 461 
population structure, were generated in multi-ancestry populations from the Million Veteran 462 
Program (MVP; European, Latino American and African American ancestries), EPIDEMCA 463 
(Sub-Saharan Africa ancestry) and GARD studies (East Asian ancestry; Supplementary Fig. 464 
13). 465 
We assessed potential increment of PRS association with AD risk and predictive performance 466 
when the summary statistics of the European, African American, Latino American or East Asian 467 
populations were used independently (respectively, PRSEUR, PRSAA, PRSLA, PRSEA), or when 468 
they were combined (PRSCOMB) at multiple sparseness parameter (10-8, 10-7, 10-6, 10-5, 10-4, 469 
10-2 and 1). We initially excluded the APOE region to enable a comparison with PGSALZ. We 470 
did not observe any increases in the association with AD risk or predictive performance in the 471 
different multi-ancestry populations (Fig. 4, supplementary Figure 14, supplementary Table 472 
10) with the exception of the Latin American MVP population. However, we cannot exclude the 473 
possibility that this improvement is due to overfitting. Next, we included the APOE region when 474 
generating the different PRSs. While no impact was observed in European-ancestry 475 
populations when comparing PRSEUR and PRSCOMB), we detected a potential increment in both 476 
the strength of association with the AD risk and predictive performance when comparing 477 
PRSEUR and PRSCOMB for all other populations, indicating that a cross-ancestry PRS is more 478 
effective than a PRS constructed solely from European summary statistics when the APOE 479 
region is included (whatever the global shrinkage parameter used; Fig. 5, supplementary 480 
Figure 14, supplementary Table 10).  481 

Lastly, we leveraged the MVP data to determine how the association between PGSALZ or 482 
PRSCOMB (APOE region excluded) and the risk of AD changed in multi-ancestry populations as 483 
a function of diagnostic specificity. That is, we looked at how a PGSALZ/ PRSCOMB derived from 484 
AD case/control performed when the applied to cohorts when the diagnosis was broadened to 485 
dementia. In all the multi-ancestry population studied, the association between PGSALZ/ 486 
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PRSCOMB and the AD risk weakened as the diagnosis became less specific (Fig. 6 and 487 
Supplementary Table 11). 488 

Several major points can thus be highlighted from our work: (i) In European populations, the 489 
associations of PGSALZ with AD risk are potentially slightly impacted by the APOE genotype   490 
(suggesting two independent genetic entities for sporadic AD; APOE ε4-associated sporadic 491 
AD, and APOE ε4-unassociated sporadic AD as previously proposed29); (ii) this simple PGSALZ 492 
based on the largest GWAS from European populations and the resulting European GWAS-493 
defined loci appears to be enough to detect AD genetic risk in most of the different ancestry 494 
populations. Our results thus suggest that most of the different ancestry populations are likely 495 
to be affected by shared pathophysiological processes driven in part by genetic risk factors; 496 
(iii) Conversely, it is observed in the genetics of complex traits30 and other multifactorial 497 
diseases17,31,32, a cross-ancestry PRS built with a Bayesian polygenic modelling method did 498 
not systematically outperform a simple PGSALZ (when the APOE locus is excluded). The small 499 
population size of GWAS for the different ancestry populations can significantly limit the power 500 
of the PRS-CSx approach, potentially explaining this observation. However, this may also 501 
indicate that a high proportion of AD genetic risk is already accounted for by the European 502 
ancestry GWAS-defined loci; (iv) When PRS includes the APOE region, this region appears to 503 
likely contain additional multi-ancestry genetic variability as already proposed33,34,35,36; (v) 504 
Finally, the PGS/PRS associations mainly captures genetic information related to AD as their 505 
association weakened as the diagnosis was broadened. This observation suggests that the 506 
quality of the clinical diagnosis can interfere with the measurement of the association between 507 
the PGS/PRS and the AD risk in a given population. 508 
In conclusion, our study of diverse ancestry populations and AD highlights the importance of 509 
cross-ancestry analyses for characterizing the genetic complexities of this devastating disease 510 
and to evaluate AD risk assessments in various populations. However, the field of AD genetics 511 
is still limited by the size of GWASs in these diverse ancestry populations. In addition, it is likely 512 
that the different ancestry populations will differ strongly regarding rare/very rare variants 513 
associated with the AD risk. this could clearly impact PRSs association with AD risk and their 514 
predictive performances37. Both GWAS and sequencing studies of more diverse populations 515 
are thus needed for a better characterization of AD genetics.  516 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2023.10.17.23297061doi: medRxiv preprint 

https://doi.org/10.1101/2023.10.17.23297061
http://creativecommons.org/licenses/by-nc/4.0/


Acknowledgments 517 
We thank all the study participants, researchers, and staff for contributing to or collecting the 518 
data. We also thank the staff at the University of Lille’s high-performance computing service. 519 
This work was funded by a grant (European Alzheimer&Dementia DNA BioBank, EADB) from 520 
the EU Joint Programme – Neurodegenerative Disease Research (JPND) and La Fondation 521 
Recherche Alzheimer. A.N. was funded by Fondation pour la Recherche Médicale 522 
(EQU202003010147) and La Fondation Recherche Alzheimer. UMR1167 is also funded by 523 
the Inserm, Institut Pasteur de Lille, Lille Métropole Communauté Urbaine, and the French 524 
government’s LABEX DISTALZ program (development of innovative strategies for a 525 
transdisciplinary approach to Alzheimer’s disease). Full consortium acknowledgements and 526 
funding are given in the Supplementary Note. We thank David Fraser for his help. 527 
 528 
Author contributions 529 
Project coordination: A.N., J-C.L; data collection coordination: A.N., Y.LG., J.G., M.D.G., 530 
S.V.D.L, E.N.D.M., J-F.D., H.A., V.E-P., A.Rui., K.H.L., T.I., A.Ram., M.L., J-C.L; Data 531 
analyses: A.N, R.She., 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., 532 
M.Gue., S.v.d.L., M.Gos., A.C., C.B., F.K; EADB sample contribution: I.d.R., A.C., S.V.D.L,., 533 
C.B., F.K., O.P., A.Sch., M.D., D.R., N.Sch., D.J., S.R-H., L.H., L.M.P., E.D., O.G., J.Wilt., S.H-534 
H., S.Moe., T.T., N.Sca., J.C., F.M., J.P-T., M.J.B., P.P., R.S-V., V.Á. M.B., P.G-G., R.Pue., 535 
P.Mir., L.M.R., G.P-R., J.M.G-A., J.L.R., E.R-R., H.Soi., T.K., A.d.M., S.Meh., J.Hor., M.V., 536 
K.L.R., J.Q.T., Y.A.P., H.H. J.v.S., H.See., J.A.H.R.C., W.J.S., I.Ram., F.V., A.v.d.L. P.Sch., 537 
C.G., G.P., V.G., G.N., C.Duf., F.P., O.H., S.D., A.B., J-F.Del., E.G., J.P., D.G., B.Aro., P.Mec., 538 
V.S., L.P., A.Squ., L.T., B.Bor., B.N., P.C., D.S., I.Rai., A.Dan., J.Will., C.Mas., P.A., F.J., P.K., 539 
C.V.D., R.F-S., T.M., P.S-J., K.S., M.I., G.R., M.H., R.Sim., W.v.d.F., O.A., A.Rui., A.Ram., J-540 
C.L., Australian sample: T.P., S.M.L.; MVP sample contribution: R.She., R.H., V.M., M.P., 541 
R.Z., M.Gaz., M.L.; Salsa sample contribution: M.Gos., C.S.B., B.F., Q.Y. S.S.; ADSP 542 
sample contribution: A.Gri., T.F., C.Cru., J.Hai., L.F., A.Des., E.W., R.M., M.P-V., B.K., 543 
A.Goa., G.D.S., B.V., L-S.W., Y.Y.L., C.Dalg., A.Say., H.L.L., J.S.Y., M.A.N., S.S.; Africa 544 
sample contribution: M.Gue., P-M.P., P.Mbe, B.Ban, N.B.S., L.Che., J-F.Dar.; East Asia 545 
sample contribution: 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., 546 
J.G., V.E-P., K.H.L., T.I.; South America sample contribution: C.Dalm., C.E.A-B., M.A.C.B., 547 
N.O., T.J-C., C.Muc., C.Cue., L.Cam., P.Sol., D.G.P., S.K., L.I.B., J.O-R., A.G.C.M.,M.F.M., 548 
R.Par., G.A., L.A.d.M., M.A.R.S., B.d.M.V., M.T.G.C., B.Ang., S.G., M.V.C., R.A., P.O., A.Sla., 549 
C.G-B., C.A., P.F., E.N.d.M., L.M., H.A., A.Rui., A.Ram; Core writing group: A.N, B.G-B., J-550 
C.L. 551 
 552 
Competing Interests Statement 553 
S.V.D.L is recipient of ABOARD funding, which is a public-private partnership funded by from 554 
ZonMW (#73305095007) and Health~Holland, Topsector Life Sciences & Health (PPP-555 
allowance; #LSHM20106). C.C. has received research support from GSK and EISAI. The 556 
study’s funders had no role in the collection, analysis, or interpretation of data; in the writing of 557 
the report; or in the decision to submit the paper for publication. C.C. is an advisory board 558 
member for Vivid Genomics and Circular Genomics and owns stocks. L.M.P. received 559 
personal fees from Biogen for consulting activities unrelated to the submitted work T.G. 560 
received consulting fees from AbbVie, Alector, Anavex, Biogen, Cogthera, Eli Lilly, Functional 561 
Neuromodulation, Grifols, Iqvia, Janssen, Noselab, Novo Nordisk, NuiCare, Orphanzyme, 562 
Roche Diagnostics, Roche Pharma, UCB, and Vivoryon; lecture fees from Biogen, Eisai, 563 
Grifols, Medical Tribune, Novo Nordisk, Roche Pharma, Schwabe, and Synlab; and has 564 
received grants to his institution from Biogen, Eisai, and Roche Diagnostics. 565 
O.A.A. is a consultant to Cortechs and Precision Health AS, and has received speaker's 566 
honorarium from Lundbeck, Sunovion, Otsuka and Janssen. 567 
 568 
 569 
  570 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2023.10.17.23297061doi: medRxiv preprint 

https://doi.org/10.1101/2023.10.17.23297061
http://creativecommons.org/licenses/by-nc/4.0/


Reference 571 

1. Osterman, M. D., Kinzy, T. G. & Bailey, J. N. C. Polygenic Risk Scores. Curr Protoc 1, 572 
e126 (2021). 573 

2. Kachuri, L. et al. Principles and methods for transferring polygenic risk scores across 574 
global populations. Nat Rev Genet 25, 8–25 (2024). 575 

3. Gatz, M. et al. Role of genes and environments for explaining Alzheimer disease. Arch 576 
Gen Psychiatry 63, 168–74 (2006). 577 

4. Baker, E. & Escott-Price, V. Polygenic Risk Scores in Alzheimer’s Disease: Current 578 
Applications and Future Directions. Front Digit Health 2, 14 (2020). 579 

5. Desikan, R. S. et al. Genetic assessment of age-associated Alzheimer disease risk: 580 
Development and validation of a polygenic hazard score. PLoS Med 14, e1002258 (2017). 581 

6. Sabuncu, M. R. et al. The association between a polygenic Alzheimer score and cortical 582 
thickness in clinically normal subjects. Cereb Cortex 22, 2653–61 (2012). 583 

7. Mormino, E. C. et al. Polygenic risk of Alzheimer disease is associated with early- and 584 
late-life processes. Neurology 87, 481–8 (2016). 585 

8. Xicota, L. et al. Association of APOE-Independent Alzheimer Disease Polygenic Risk 586 
Score With Brain Amyloid Deposition in Asymptomatic Older Adults. Neurology 99, e462–587 
e475 (2022). 588 

9. Sleegers, K. et al. A 22-single nucleotide polymorphism Alzheimer’s disease risk score 589 
correlates with family history, onset age, and cerebrospinal fluid Aβ42. Alzheimers Dement 590 
11, 1452–1460 (2015). 591 

10. Hong, S. et al. Genome-wide association study of Alzheimer’s disease CSF biomarkers in 592 
the EMIF-AD Multimodal Biomarker Discovery dataset. Transl Psychiatry 10, 403 (2020). 593 

11. Clark, K., Leung, Y. Y., Lee, W.-P., Voight, B. & Wang, L.-S. Polygenic Risk Scores in 594 
Alzheimer’s Disease Genetics: Methodology, Applications, Inclusion, and Diversity. J 595 
Alzheimers Dis 89, 1–12 (2022). 596 

12. Sariya, S. et al. Polygenic Risk Score for Alzheimer’s Disease in Caribbean Hispanics. 597 
Ann Neurol 90, 366–376 (2021). 598 

13. Jung, S.-H. et al. Transferability of Alzheimer Disease Polygenic Risk Score Across 599 
Populations and Its Association With Alzheimer Disease-Related Phenotypes. JAMA Netw 600 
Open 5, e2247162 (2022). 601 

14. Dalmasso, M. C. et al. The first genome-wide association study in the Argentinian and 602 
Chilean populations identifies shared genetics with Europeans in Alzheimer’s disease. 603 
Alzheimers Dement 20, 1298–1308 (2024). 604 

15. Kikuchi, M. et al. Polygenic effects on the risk of Alzheimer’s disease in the Japanese 605 
population. Alzheimers Res Ther 16, 45 (2024). 606 

16. Bellenguez, C. et al. New insights into the genetic etiology of Alzheimer’s disease and 607 
related dementias. Nat Genet 54, 412–436 (2022). 608 

17. Koyama, S. et al. Population-specific and trans-ancestry genome-wide analyses identify 609 
distinct and shared genetic risk loci for coronary artery disease. Nat Genet 52, 1169–1177 610 
(2020). 611 

18. Lennon, N. J. et al. Selection, optimization and validation of ten chronic disease polygenic 612 
risk scores for clinical implementation in diverse US populations. Nat Med 30, 480–487 613 
(2024). 614 

19. Keaton, J. M. et al. Genome-wide analysis in over 1 million individuals of European 615 
ancestry yields improved polygenic risk scores for blood pressure traits. Nat Genet 56, 616 
778–791 (2024). 617 

20. Ge, T. et al. Development and validation of a trans-ancestry polygenic risk score for type 618 
2 diabetes in diverse populations. Genome Med 14, 70 (2022). 619 

21. Kachuri, L. et al. Principles and methods for transferring polygenic risk scores across 620 
global populations. Nat Rev Genet 25, 8–25 (2024). 621 

22. Xiang, R. et al. Recent advances in polygenic scores: translation, equitability, methods 622 
and FAIR tools. Genome Med 16, 33 (2024). 623 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2023.10.17.23297061doi: medRxiv preprint 

https://doi.org/10.1101/2023.10.17.23297061
http://creativecommons.org/licenses/by-nc/4.0/


23. Jansen, I. E. et al. Genome-wide meta-analysis for Alzheimer’s disease cerebrospinal fluid 624 
biomarkers. Acta Neuropathol 144, 821–842 (2022). 625 

24. Logue, M. W., Dasgupta, S. & Farrer, L. A. Genetics of Alzheimer’s Disease in the African 626 
American Population. J Clin Med 12, (2023). 627 

25. Miyashita, A., Kikuchi, M., Hara, N. & Ikeuchi, T. Genetics of Alzheimer’s disease: an East 628 
Asian perspective. J Hum Genet 68, 115–124 (2023). 629 

26. Kunkle, B. W. et al. Novel Alzheimer Disease Risk Loci and Pathways in African American 630 
Individuals Using the African Genome Resources Panel: A Meta-analysis. JAMA Neurol 631 
78, 102–113 (2021). 632 

27. Lake, J. et al. Multi-ancestry meta-analysis and fine-mapping in Alzheimer’s disease. Mol 633 
Psychiatry 28, 3121–3132 (2023). 634 

28. Shigemizu, D. et al. Ethnic and trans-ethnic genome-wide association studies identify new 635 
loci influencing Japanese Alzheimer’s disease risk. Transl Psychiatry 11, 151 (2021). 636 

29. Frisoni, G. B. et al. The probabilistic model of Alzheimer disease: the amyloid hypothesis 637 
revised. Nat Rev Neurosci 23, 53–66 (2022). 638 

30. Wang, Y. et al. Polygenic prediction across populations is influenced by ancestry, genetic 639 
architecture, and methodology. Cell genomics 3, 100408 (2023). 640 

31. Smith, J. L. et al. Multi-Ancestry Polygenic Risk Score for Coronary Heart Disease Based 641 
on an Ancestrally Diverse Genome-Wide Association Study and Population-Specific 642 
Optimization. Circ Genom Precis Med 17, e004272 (2024). 643 

32. Khan, A. et al. Genome-wide polygenic score to predict chronic kidney disease across 644 
ancestries. Nat Med 28, 1412–1420 (2022). 645 

33. Naslavsky, M. S. et al. Global and local ancestry modulate APOE association with 646 
Alzheimer’s neuropathology and cognitive outcomes in an admixed sample. Mol 647 
Psychiatry 27, 4800–4808 (2022). 648 

34. Rajabli, F. et al. Ancestral origin of ApoE ε4 Alzheimer disease risk in Puerto Rican and 649 
African American populations. PLoS Genet 14, e1007791 (2018). 650 

35. Bussies, P. L. et al. Use of local genetic ancestry to assess TOMM40-523’ and risk for 651 
Alzheimer disease. Neurol Genet 6, e404 (2020). 652 

36. Rajabli, F. et al. A locus at 19q13.31 significantly reduces the ApoE ε4 risk for Alzheimer’s 653 
Disease in African Ancestry. PLoS Genet 18, e1009977 (2022). 654 

37. Nagao, Y. Contribution of rare variants to heritability of a disease is much greater than 655 
conventionally estimated: modification of allele distribution model. J Hum Genet (2024) 656 
doi:10.1038/s10038-024-01281-2.  657 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2023.10.17.23297061doi: medRxiv preprint 

https://doi.org/10.1101/2023.10.17.23297061
http://creativecommons.org/licenses/by-nc/4.0/


METHODS Online 658 

Sample and variant quality controls 659 
To ensure that the βs were completely independent of the summary statistics, all samples from 660 
ADGC, CHARGE and FinnGen GWASs were filtered out. In addition, Sample overlap was 661 
systematically assessed and there was no sample overlap between any of the non-US studies 662 
analyzed. Overlap between ADSP and MVP is likely to be negligible (no more than a few 663 
cases). For biomarker analysis, there is overlap of 460 samples between the American 664 
samples used in the biomarker analyses and the ADGC (which is included in the summary 665 
statistics we used to generate the β for the PGSALZ). However, this overlap is limited (less than 666 
2.5%) and in addition, we only analyzed in these samples the association of PGSALZ with 667 
quantitative traits (p-tau, tau and Aβ42 CSF concentrations), limiting the risk of inflated results. 668 
After it met the conventional GWAS gold standard of sample quality control, each sample was 669 
included in the analyses16. If a discordance in the variant dose or covariate or a discordance 670 
between imputed and genotyped (if available) APOE status was observed, the sample was 671 
discarded. After the quality control, a demographic description of each study is shown in 672 
Supplementary Table 138. Genotyped variants had to meet the gold standard GWAS variant 673 
quality control16. All the studies including genotyping data were imputed with the TOPmed 674 
reference panel39,38. If the variants were imputed, those with a Rsq below 0.3 were excluded. 675 
For whole-genome sequencing data, only variants passing the corresponding quality control 676 
were selected (see the supplementary information for the ADSP and China samples) 677 
(Supplementary Table 2). The global ancestry of each individual in the ADSP samples was 678 
determined with SNPweights v.2.140 using a set of ancestry-weighted variants computed on 679 
reference populations from the 1000 Genomes Project as in41. By applying a global ancestry 680 
percentage cutoff of >75%, the samples were assigned to the different ancestry populations. 681 
The ancestry of MVP participants was determined using the harmonized ancestry and 682 
race/ethnicity (HARE) method42, which is similar to other genotype-based ancestry calling 683 
methods, except that concordance is checked between self-report and genetically inferred 684 
ancestry, and those with discrepant ancestry groups are not assigned a HARE category. 685 
Within-group PCs for ancestry were computed using FlashPCA243. 686 
 687 
European mega-analysis methods 688 
For the mega-analysis of European countries, we merged samples from five datasets: EADB-689 
core, GERAD, EADI, Demgene, and Bonn. To adjust for the population structure, we computed 690 
principal components using the following procedure. From the list of 146,705 variants used in 691 
the principal component analysis of EADB-core43, we extracted TOPMed imputed variants 692 
having an imputation quality ≥0.9 in each dataset; this resulted in 91,353 variants. Next, we 693 
set a genotype to “missing” if none of the genotype probabilities was higher than 0.8. Lastly, 694 
we merged all the datasets and removed variants for which the proportion of missing 695 
genotypes was above 0.02. Ultimately, 90,471 variants were fed into the principal component 696 
analysis (performed with FlashPCA2). The analyses were adjusted for the first 14 principal 697 
components, the genotyping chip, and the center. 698 
 699 
PGS and PRS Computations 700 
The equation used to calculate the PGSs and the coPRSs is as follow: 701 

PGSALZ
sample or coPRSsample = ∑ (𝛽𝛽𝑖𝑖 ∗ 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑖𝑖, 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑛𝑛

𝑖𝑖=1  702 

where the PGSALZ/PRS is the sum per sample, of the product of the variant i effect size 𝛽𝛽𝑖𝑖, 703 
extracted from GWAS summary statistics, and the number of risk alleles of this variant i, either 704 
as a dosage or as a genotype. 705 

The PGSALZ includes the 83 independent signals associated with AD13, listed in Supplementary 706 
Table 1. We also calculated another PGSALZ combining the same 83 independent signals and 707 
the two SNPs encoding the APOE ε2 (rs7412) and APOE ε4 alleles (rs429358). The PGSAPOE 708 
includes only these two last SNPs. The stage I meta-analysis of EADB studies13 without the 709 
UK Biobank samples, contained 39,106 clinically diagnosed AD cases versus 25,392 in the 710 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprintthis version posted March 4, 2025. ; https://doi.org/10.1101/2023.10.17.23297061doi: medRxiv preprint 

https://doi.org/10.1101/2023.10.17.23297061
http://creativecommons.org/licenses/by-nc/4.0/


stage II meta-analysis (including the ADGC, CHARGE and FinnGen data)13. To respect the 711 
independence between the samples and the GWAS summary statistics, in the PGS analyses, 712 
the European summary statistics used are from stage II or (for APOE variants only). In the 713 
PGSALZ/PRS analyses adjusted for difference in distribution between populations, the 714 
European more powerful summary statistics, i.e. stage I meta-analysis of EADB were 715 
preferred.  716 

The PGSALZ+ score was developed to include additional SNPs within the GWAS-defined loci to 717 
capture more genetic information in non-European-ancestry populations. Firstly, each locus’s 718 
“start and end positions” (as specified in the GRCh38 assembly) were defined manually by 719 
looking at the regional plots and extracting (i) recombination rate peak positions, (ii) starts/ends 720 
of chromosomes, (iii) specific variant positions, or (iv) start/end positions of regions containing 721 
no variants. Next, insertions and deletions were excluded. Variants that were non ambiguous 722 
(i.e. A/T or C/G) and present in the 1000 Genomes Phase 3 data (1000GP3) and had an 723 
imputation quality above 0.3 in the EADB-core TOPMed imputations, were selected. To extract 724 
information of these variants in non-European-ancestry populations, we used the summary 725 
statistics generated by Lake et al., Shigemizu et al. and Kunkle et al. to represent Latino 726 
American, East Asian and African-American ancestries, respectively27,28,26. Since these 727 
summary statistics were based on the GRCh37 assembly, we lifted their positions and alleles 728 
in the GRCh38 assembly by using the Picard LiftoverVcf tool (v2.27.5) and restricting the 729 
process to variants with a minor allele frequency above 0.01. In order to remove variants in LD 730 
with the sentinel variant of each locus, we computed the LD between each sentinel variant and 731 
all other variants within the locus by using the 1000GP3 data restricted to samples representing 732 
European ancestries (EUR super-population), Latino American ancestries (AMR super-733 
population plus IBS population), Japanese ancestries (JPT population) and African-American 734 
ancestries (AFR super-population). Since one of the sentinel variant (chr9:104903697:C:G) 735 
was not present in the 1000GP3 data, we replaced it with a proxy variant 736 
(chr9:104903754:G:GC, R2=1 in the EUR super-population). In each set of summary statistics, 737 
we removed variants with R2>0.1 in either the European summary statistics or the summary 738 
statistics for the corresponding ancestry. Lastly, we performed a clumping procedure on the 739 
remaining variants in each of the three ancestries by using plink v1.9, a p-value threshold of 740 
1x10-3, a R2 of 0.05 (as estimated in the corresponding 1000GP3 data samples, as described 741 
above), and a distance of 1Mb. For the PGSALZ+, this led us to select 30, 13 and 47 variants 742 
(in addition to the initial 85 PGS variants) for the Latino American, East Asian and African-743 
American ancestries, respectively. 744 

PRS-CSx20,44 was, by the time of analysis, one of the most performing cross-ancestry PRS 745 
model method45,46, without a validation dataset and using GWAS summary statistics. With a 746 
Bayesian high-dimensional regression framework model based on continuous shrinkage 747 
priors, the variant effect sizes were adaptively re-estimated, by coupling cross-ancestry GWAS 748 
summary statistics13,26,27,28, and external ancestry-matched allele frequencies and local 749 
Linkage Disequilibrium structure, according to a global shrinkage parameter. This global 750 
shrinkage parameter provides the sparseness of the genetic architecture of AD, by avoiding 751 
over-shrinkage of true signals and by shrinking noisy signals. This sparseness was modeled 752 
for the values of 1, 10-2, 10-4, 10-5,10-6, 10-7 and 10-8, with the --meta option and the 753 
Strawderman–Berger prior default parameters (a = 1 and b = 0.5). The initial 1,297 432 variants 754 
present in the 1000 Genomes reference panel, were lifted over in GRCh38. Then, new 755 
ancestry-specific or joint-ancestry effect size estimates were obtained with PRS-CSx, leading 756 
to a maximal number of 1,292 532 variants in the joint-ancestry summary statistics, potentially 757 
included in the PRS computations. The coPRSs were computed per chromosome, with 1- joint-758 
ancestry and 2- European ancestry and 3- ancestry-specific PRS-CSx-effect size estimates, 759 
using PLINK (v.2.0.a) software47 and its --score option, then summed across all chromosomes. 760 
 761 
Adjustment for difference in PGSALZ/PRS distribution across populations 762 
To account for population structure, PRSraw and PGSALZ

raw were adjusted for difference in 763 
distributions across populations48. The adjustment was performed with a selection of 84,035 764 
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variants, common to all studies, independent and well-imputed variants (R > 0.8). With this list 765 
of variants, FlashPCA2 projected the samples into the 1000G Phase 3 PC-space and 766 
calculated the projected PCs. For each study, the raw score was fit in a linear model, in 767 
controls, according to the 5 first projected PCs. This model was used to compute a predicted 768 
score in all the samples. The resulting adjusted score was the difference between the raw 769 
score and the predicted score. 770 
 771 
Statistical analyses 772 
The different scores (PGS or coPRS) were standardized in a standard normal distribution, 773 
using the mean and the standard deviation, calculated over all the samples. The associations 774 
between AD status and the different scores were tested in logistic regression, named according 775 
to the score and the covariates. The name “ALZinclAPOE” was attributed, if the score included 776 
variants in the APOE region (from 43Mb to 47Mb). The other covariates included age, sex, in 777 
addition to covariates specific to each study (Supplementary Table 2). 778 

- Model PGSALZ: AD ~ PGSALZ + COV 779 
- Model PGSALZ: AD ~ PGSALZ + COV + the count of APOE ε2 alleles + the count 780 

of APOE ε4 alleles (when adjusted on APOE) 781 
- Model PRS: AD ~ PRS + COV 782 
- Model PRS: AD ~ PRS + COV + the count of APOE ε2 alleles + the count of 783 

APOE ε4 alleles (when adjusted on APOE) 784 
- Model PRSALZinclAPOE: AD ~ PRSALZinclAPOE + COV 785 

To estimate the proportion of phenotypic variance explained by the variance of the score, we 786 
computed the Nagelkerke’s Pseudo-R2

Full using the function Nagelkerke implemented in the 787 
package rcompanion in R49,50. A Pseudo-R2

Null was computed including only the covariates. 788 
The adjusted Pseudo-R2 is the difference between Pseudo-R2

Full and the tied Pseudo-R2
Null. 789 

This adjusted Pseudo-R2 corresponds to the phenotypic variance explained by the genetic 790 
score only. The adjusted Pseudo-R2 was also transformed into a liability scale, for ascertained 791 
case-control studies51, using a prevalence value of 0.15. 792 
We chose a prevalence of 15%, which we consider to be consistent for populations with an 793 
average age over 75. However, this prevalence is different in multi-ethnic populations of the 794 
same average age. Furthermore, the AD prevalence increases with age, so the genetic liability 795 
is not homogeneous across all age groups. AD heritability cannot be expressed as a single 796 
number because it depends on the ages of the cases and controls52. 797 
 798 
Quantile or percentile analyses 799 
Depending on the value of the corresponding PGSALZ, the samples were classified into the 800 
reference group or into one of the test groups. In the mega-analysis, the reference group 801 
corresponded to the 40-60% percentile and was tested across different percentiles (0-2%, 2-802 
5%, 5-10%, 10-20%, 20-40%, 60-80%, 80-90%, 95-98%, and 98-100%). In the APOE-stratified 803 
analysis and in the multi-ancestry analyses, the reference group was defined as the 40-60% 804 
percentile and was tested across different quintiles (0-20%, 20-40%, 60-80%, 80-100%). The 805 
multi ancestry analyses were performed for each population and then meta-analyzed per 806 
genetic ancestry using the inverse variance method, as implemented in METAL53. It should be 807 
noted that the Indian, North African and sub-Saharan African populations were excluded 808 
because of their small sample size. 809 

- Model PGSALZ: AD ~ Group0/1(PGSALZ) + COV 810 
- Model PGSALZ: AD ~ Group0/1(PGSALZ) + COV + number of APOE ε2 alleles + 811 

number of APOE ε4 alleles (when adjusted on APOE) 812 
- Model PGSALZinclAPOE: AD ~ Group0/1(PGSALZinclAPOE) + COV 813 

 814 
Data Availability  815 
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Figure 1: Associations between the various PGSs and the risk of developing AD, as a function 860 
of APOE status. (A) The risk of developing AD, by PGSALZ stratum (0-2%, 2-5%, 10-20%, 20-861 
40%, 60-80%, 80-90%, 90-95%, 95-98%, and 98-100%). The 40-60% PGSALZ stratum was 862 
used as the reference. (B) Risk of developing AD, by PGSALZ stratum (0-20%, 20-40%, 60-863 
80%, and 80-100%) and the APOE genotype (by grouping together the ε2ε2/ε2ε3, ε3ε3, 864 
ε2ε4/ε3ε4, ε4ε4 carriers). The 40-60% PGSALZ stratum was used as the reference. 865 
 866 
Figure 2: Association of PGSALZ with the level of Aβ42 and p-tau in the cerebrospinal fluid (A) 867 
across European-ancestry populations and (B) according to PGSALZ strata (0-20%, 20-40%, 868 
60-80% and 80-100%). The 40-60% PGSALZ stratum was used as the reference. Ncases, 869 
number of cases; Ncontrols, number of controls, OR, Odds ratio per standard deviation. The 870 
lines in the Forest plots indicate the 95% confidence interval for the ORs. If HetP <0.05, 871 
random-effect is shown for the meta-analysis results.  872 
 873 
Figure 3: Association of PGSALZ across multi-ancestry populations. (A) Association of PGSALZ 874 
with the risk of developing AD in multi-ancestry populations. European-ancestry meta-analysis 875 
includes MVP and Australia. African-American-ancestry (more than 75% AA ancestry) meta-876 
analysis includes MVP and ADSP. East-Asia meta-analysis includes China, Korea and Japan. 877 
Latino-American ancestry (self-reporting) meta-analysis includes MVP and ADSP. South-878 
America meta-analysis includes Argentina, Brazil, Chile and Colombia. (B) Risk of developing 879 
AD according to PGSALZ (adjusted or not for APOE or included APOE variants) strata (0-20%, 880 
20-40%, 60-80% and 80-100%) in multi-ancestry populations. The 40-60% PGSALZ stratum 881 
was used as the reference in each population and results were meta-analyzed. European-882 
ancestry meta-analysis includes MVP and Australia. African-American ancestry meta-analysis 883 
includes MVP and ADSP. East-Asia meta-analysis includes China, Korea and Japan. Latin-884 
American ancestry meta-analysis includes MVP and ADSP. South-America meta-analysis 885 
includes Argentina, Brazil, Chile and Colombia. 886 
Ncases, number of cases; Ncontrols, number of controls; OR, Odds ratio per standard 887 
deviation. The lines in the Forest plots indicate the 95% confidence interval for the ORs. If 888 
HetP <0.05, random effect is shown for the meta-analysis results. EUR, European; LA, Latino-889 
American; AA, African American. 890 
 891 
Figure 4: Comparison of the association of PGSALZ or PRS (excluding APOE region) with AD 892 
risk and the corresponding predictive values (adjusted Nagelkerke R2 and Liability R2). All 893 
PGSALZ and PRS were adjusted for difference in distribution between populations; OR, Odds 894 
ratio per standard deviation; PRSEUR were generated by using only European ancestry 895 
summary statistics; PRSCOMB were generated by combining European, African American (AA), 896 
Latin-American (LA) and East Asian ancestry summary statistics. Sparseness parameter at 897 
10-8, 10-7, 10-6, 10-5, 10-4, 10-3, 10-2 or 1. 898 
 899 
Figure 5: Association of PRS (including APOE region) with AD risk and the corresponding 900 
predictive values (adjusted Nagelkerke R2 and Liability R2). All PGSALZ and PRS were adjusted 901 
for difference in distribution between populations; OR, Odds ratio per standard deviation; 902 
PRSEUR were generated by using only European ancestry summary statistics; PRSCOMB were 903 
generated by combining European, African American (AA), Latin-American (LA) and East 904 
Asian ancestry summary statistics. Sparseness parameter at 10-8, 10-7, 10-6, 10-5, 10-4, 10-3, 905 
10-2 or 1. 906 
 907 
Figure 6: Association of PGSALZ or PRSCOMB (excluding the APOE region) with AD, AD and 908 
related dementia (ADRD) and dementia in MVP and the corresponding predictive values 909 
(adjusted Nagelkerke R2 and Liability R2). PGSALZ and PRS were adjusted for APOE and for 910 
difference in distribution between populations; OR, Odds ratio per standard deviation; PRS-911 
CSx were generated by combining European (EUR), African American (AA) and Latin-912 
American (LA) and East Asian ancestry summary statistics. Sparseness parameter at 10-8 and 913 
10-6. 914 
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Extended Figure 1: Association of PGSALZ with the risk of developing AD (A) in 17 European 915 
countries and (B) in Men and Women. Ncases, number of cases; Ncontrols, number of 916 
controls; OR, Odds ratio per Standard deviation. The lines in the Forest plots indicate the 95% 917 
confidence interval for the ORs. 918 
 919 
Extended Figure 2: Associations between (A) PGSALZ or (B) PGSALZ adjusted for APOE and 920 
age at onset of AD in European countries. Ncases, the number of cases. Since HetP <0.05, the 921 
random effect is shown for the meta-analysis results. 922 
 923 
Extended Figure 3: Distribution and association of APOE ε2/ε3/ε4 alleles with AD risk 924 
worldwide. (A) World map showing the populations analyzed. A color gradient indicates the 925 
strength of the association between APOE ε2/ε3/ε4 alleles and the risk of developing AD in 926 
different countries (B) frequencies of APOE ε2/ε3/ε4 alleles in case and controls as well 927 
association of APOE ε4 alleles with the risk of developing AD in different countries. 928 
 929 
Extended Figure 4: Association between (A) PGSALZ or (B) PGSALZ (adjusted for APOE) and 930 
age at onset of AD in multi-ancestry populations. Ncases, number of cases. The African-931 
American-ancestry meta-analysis (more than 75% of the population with African-American 932 
ancestry) included the MVP and ADSP datasets. The East Asia meta-analysis included 933 
datasets from China, Korea, and Japan. The Latin American (LA) ancestry (self-reporting) 934 
meta-analysis included the MMVP and ADSP datasets. The South America meta-analysis 935 
included the datasets from Argentina, Brazil, Chile, and Colombia. * not used in the meta-936 
analysis. 937 
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