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a b s t r a c t 

We investigated which factors might explain the differences between the frequencies of brain β-amyloid 

(A β) deposition in Korean and European cognitively normal individuals (CNs). We recruited 434 Korean 

CNs from the Samsung Medical Center (SMC) and 323 European CNs from the US Alzheimer’s Disease 

Neuroimaging Initiative (ADNI). The Korean CNs showed lower education duration (11.8 ± 4.8 years vs. 

16.8 ± 2.5 years, p < 0.001) than the European CNs. The frequency of A β ( + ) was higher in the Euro- 

pean CNs (32.8%) than in the Korean CNs (20.0%; p < 0.001). In the SMC genome-wide association study 

(GWAS), 10 variants (including rs7481773 on chromosome 11, located near the brain-derived neurotrophic 

factor gene) exceeded the genome-wide significance level ( p < 5 × 10 −8 ). Especially, rs7481773 carriers 

showed more rapid decline in memory function than non–carriers ( p = 0.048). However, this association 

was not observed in the ADNI GWAS. Our findings suggested that the different frequencies of A β ( + ) 

between CN Koreans and Europeans might be related to decreased cognitive reserve or genetic factors. 

© 2022 Elsevier Inc. All rights reserved. 

 

 

 

 

 

1. Introduction 

Cerebral β-amyloid (A β) deposition is the earliest recogniz-

able pathologic change in Alzheimer’s disease (AD) ( Bateman et al.,
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2012 ). In particular, the prevalence estimates of A β pathology and

their related factors in cognitively normal (CN) individuals are re-

quired to understand the disease progression of AD and to design

AD studies ( Jansen et al., 2015 ). 

The risk of AD dementia is substantially driven by cultural and

genetic factors ( Kunkle et al., 2019 ). Several factors related to cog-

nitive reserve, including education ( Stern et al., 2020 ) and socioe-

conomic status in childhood, may affect the development of de-

mentia. The apolipoprotein E ( APOE ) ε4 allele is an important risk

factor for the development of AD dementia. A recent genome-wide

association study (GWAS) reported over 20 genetic loci that were

associated with the development of AD ( Jansen et al., 2019 ). Fur-

thermore, specific genetic variants have exhibited different associ-

ations with AD in Europeans drawn from the US and other coun-

tries and Asians drawn from several countries in Asia ( Han et al.,

https://doi.org/10.1016/j.neurobiolaging.2022.03.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuaging.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2022.03.001&domain=pdf
mailto:wonhh@skku.edu
mailto:sangwonseo@empas.com
https://doi.org/10.1016/j.neurobiolaging.2022.03.001
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Fig. 1. Flow diagram showing the participants included in the study. Abbreviations: SMC, Samsung medical center; ADNI, Alzheimer’s disease neuroimaging initiative; GWAS, 

genome-wide association study; KOR, Korean; US, United States. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2018 ; Han et al., 2019 ). Thus, it would be reasonable to expect ge-

netic variants to exhibit associations with A β in specific popula-

tions, resulting differences in A β positivity among ethnic groups.

In fact, differences have been observed in the frequency of amy-

loid positivity in CN across different populations despite including

a relatively small number of non–European participants, including

Asian individuals ( Sperling et al., 2020 ). 

In the present study, we compared the frequency of A β ( + ) in

CN populations between a Korean, and a European cohort based

on the Alzheimer’s Disease Neuroimaging Initiative (ADNI). We in-

vestigated which factors, including age, sex, education level, and

genetics, contributed to the difference in the frequency of A β ( + )

in CN populations between these 2 ethnically different cohorts. 

2. Methods 

2.1. Participants 

A total of 494 CN individuals were recruited at the Samsung

Medical Center (SMC), Seoul, Korea from September 2015 to De-

cember 2018. The data of normal controls recruited from our mem-

ory clinic were obtained to undergo comparisons with those of

AD patients, including those of their CN spouses. Several partic-

ipants complained of memory impairments but exhibited no ab-

normalities in their objective cognitive test results. All partici-

pants had to meet the ADNI CN criteria to be diagnosed as CN

( http://adni.loni.usc.edu/methods/documents/ ) ( Hahn et al., 2020 ;

Kang et al., 2019 ): (1) Korean version of Mini-Mental State Exami-

nation score between 24 and 30 or greater than -1.5 standard devi-

ations (SD) from the age-, sex-, and education-adjusted norms for

those with fewer than 6 years of education; (2) greater than -1.0

SD from the age-, sex-, and education-adjusted norms on the Seoul

Verbal Learning Test-Elderly’s version for delayed recall; (3) ab-

sence of significant impairment in cognitive functions and greater

than -2.0 SD from the age-, sex-, and education-adjusted norms on

the Korean version of the Boston Naming Test, the Korean-Color

Word Stroop test for color reading, and the Rey-Osterrieth Com-

plex Figure Test copy; and (4) no history of other neurologic disor-

ders. The screening was conducted by trained clinicians and clini-

cal neuropsychologists. We excluded 46 participants younger than

55 years to match the age range of the sample with that of the

ADNI data ( Fig. 1 ). 

The US population of European ancestry (European partici-

pants) comprised 383 CN individuals who were recruited from
phases 2 and 3 of the ADNI. The complete inclusion and ex-

clusion criteria are described in detail at http://adni.loni.usc.edu/

methods/documents/ . We excluded 60 participants of Hispanic

and/or Latino, American Indian and/or Alaskan, Asian, or African

American origin. 

For the replication dataset, we analyzed the data from 69 CN

individuals, including 25 CN individuals recruited from March to

September 2020 at the SMC and 44 CN individuals of Korean an-

cestry recruited from the biobank of the Chronic Cerebrovascular

Disease consortium from 2016 to 2018. The 2 cohorts used the

same criteria to diagnose CN and the same standard of protocol

suggested by the Korea National Institute of Health to recruit blood

samples and extract DNA. 

2.2. Standard protocol approvals, registration, and patient consents 

All protocols were approved by the Institutional Review Board

of each participating institution, and participants provided written

informed consent at the time of enrollment. The authors obtained

approval from the ADNI Data Sharing and Publications Committee

for data use and publication. 

2.3. Amyloid PET data acquisition and analysis 

A total of 434 CN participants underwent 18 F-labeled amy-

loid PET: 227 18 F-florbetaben (FBB) PET and 207 18 F-flutemetamol

(FMM) PET scan at the SMC. Scanning was performed using a

Discovery STe PET/CT scanner (GE Medical Systems, Milwaukee,

WI) in 3-dimensional scanning mode that examined 47 slices of

3.3 mm thickness spanning the entire brain, and 311.5 MBq FBB

and 197.7 MBq FMM were injected prior to a 20-minutes emis-

sion PET scan using dynamic mode (consisting of 4 × 5 minutes

frames).( Hahn et al., 2020 ) PET was performed 90 minutes after

the injection. Three-dimensional PET images were reconstructed

in a 128 × 128 × 48 matrix with a 2 × 2 × 3.27-mm voxel

size using the ordered-subsets expectation maximization algorithm

( 18 FBB, iteration = 4 and subset = 20; 18 FMM, iteration = 4 and

subset = 20) ( Kim et al., 2021 ). 

Participants were divided into A β-positive or negative

groups using the Centiloid method for 18 F-florbetaben and
18 F-flutemetamol PET ( Cho et al., 2020 ). The Centiloid cutoff was

established by the value of low group 90th percentile Centiloid

score derived from K-means clustering analysis in 527 participants

http://adni.loni.usc.edu/methods/documents/
http://adni.loni.usc.edu/methods/documents/
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( Mormino et al., 2012 ). The optimal Centiloid cutoff value was set

at 27.08. 

PET images were co-registered to each participant’s MR im-

age, which were normalized to a T1-weighted MNI-152 template

using SPM8 in Matlab 2014b (Mathworks, Natick, MA). We used

cerebellar gray for FBB and pons for FMM as regions of interest

to reference the uptake ratio (which is identical to the standard-

ized uptake value ratio [SUVR]) using each reference region mask

( Klunk et al., 2015 ). After standard space registration, we divided

the gray matter into 116 regions using the Automated Anatomic

Labeling atlas ( Tzourio-Mazoyer et al., 2002 ). The global cerebral

cortex amyloid retention ratios were assessed from the volume-

weighted average SUVRs of 28 bilateral cerebral cortical volumes-

of-interest (VOIs) ( Jang et al., 2019 ). The cerebral cortical VOIs

chosen for this study consisted of the following regions: bilateral

frontal (superior and middle frontal gyri; medial part of the su-

perior frontal gyrus; opercular part of the inferior frontal gyrus;

triangular part of the inferior frontal gyrus; supplementary mo-

tor area; orbital part of the superior, middle, and inferior orbital

frontal gyri; and rectus and olfactory cortex), posterior cingulate

gyri, parietal (superior parietal, inferior parietal, supramarginal,

and angular gyri, and precuneus), lateral temporal (superior, mid-

dle, and inferior temporal gyri, and Heschl’s gyri), and occipital

(superior, middle, and inferior occipital gyri; cuneus; calcarine fis-

sure; and lingual and fusiform gyri). 

When SUVR positivity was classified based on the SUVR cut-

off value as calculated using the iterative outlier approach in dif-

ferent samples consisting of CN participants older than 55 years

( Mormino et al., 2012 ), both the FBB and FMM showed high con-

cordance rates between visual assessment and SUVR cutoff catego-

rization for A β deposition (93.5% in FBB and 91.6% in FMM). From

the ADNI dataset, we included CN participants who underwent

3.0T MRI scanning and 

18 F-AV45 amyloid-PET (AV45, ADNI-2/3).

The AV45 PET scans had previously been acquired using Siemens,

GE, and Philips PET scanners according to a standard dynamic 50–

70-minutes protocol following the intravenous injection of 370 ±
37 MBq of 18 F-AV45 amyloid-PET. Three-dimensional PET images

were reoriented in a 160 × 160 × 96 matrix with 1.5 mm cu-

bic voxels. We defined A β positivity as SUVR > 1.11 ( Landau et al.,

2013 ). 

2.4. Genetic analysis 

A total of 179 Koreans were genotyped using the Illumina Asian

Screening Array and 218 Europeans were genotyped using Illumina

GWAS arrays (610-Quad, OmniExpress, or HumanOmni2.5-4v1) in

the ADNI phase 2 and 3 datasets. We conducted an identical geno-

type quality control (QC) using PLINK 1.9 to eliminate any system-

atic errors that could lead to spurious associations and aligned ge-

netic variants in each dataset to the GRCh37/hg19 assembly. We

excluded samples with call rate less than 95%, sex mismatch, ex-

cess of heterozygosity ( ±5 SDs from the mean), or deviations from

each population parameter, and excluded SNPs with call rate less

than 98%, minor allele frequency (MAF) < 1%, or genotype frequen-

cies significantly deviated from Hardy-Weinberg equilibrium with

p < 10 −6 . Genome-wide imputation was performed in each dataset

using Minimac4 software with all available reference haplotypes

from HRC-r1.1 on the University of Michigan Imputation Server.

Additionally, we performed post-imputation QC with a MAF > 1%

and high imputation quality with r 2 > 0.8 for imputed SNPs. Af-

ter QC, 4,906,407 SNPs and 175 samples remained available for ge-

netic association analyses in the SMC dataset and 7,117,161 SNPs

and 196 samples remained in the ADNI dataset. To verify appropri-

ate control for population structure, principal components (PCs) of

ancestry were derived by EIGENSTRAT ( Price et al., 2006 ) and used
as covariates in regression analyses. We also conducted principal

component analysis (PCA) for the 10 0 0 Genomes Project samples

and projected the SMC and ADNI samples to the PCA plot to con-

firm the ancestral distinction. 

2.5. Hippocampal volume measurement 

To measure the hippocampal volume (HV), we used an auto-

mated hippocampus segmentation method using a graph-cut al-

gorithm combined with an atlas-based segmentation and morpho-

logic opening, as described in an earlier study ( Kwak et al., 2013 ).

To control for the brain size, we used the intracranial volume (ICV),

using classified brain tissue information and a skull mask acquired

from the T1-weighted image ( Smith, 2002 ). 

2.6. Statistical analysis 

To compare the demographic and clinical data, a 2-sample t-

test was used for continuous variables and a χ2 test was used for

categorical variables. To estimate the frequency of A β ( + ) accord-

ing to age and APOE genotype in the SMC and ADNI groups, esti-

mated probabilities and 95% confidence intervals (CIs) were gener-

ated from logistic regression analyses after adjusting for age (con-

tinuous), sex, education years, and APOE genotype. 

We conducted a GWAS using a linear regression model with

age, sex, education years, and the first 4 PCs of ancestry as covari-

ates. To account for the non–normal distribution of each amyloid

PET level and to ensure the robustness of our results, rank-based

inverse normal transformation was applied to each amyloid PET

level (FBB, FMM, and AV45). An inverse variance-weighted fixed-

effects meta-analysis of the 2 sets of SMC Amyloid PET GWAS (FBB

and FMM) results was performed using METAL ( Willer et al., 2010 ).

We conducted a linear model analysis in each population to

assess whether rs7481773, which was the most significant vari-

ant near the brain-derived neurotrophic factor ( BDNF ) gene in our

GWAS, had a different effect on A β deposition between Koreans,

and Europeans. The association between the rs7481773 allele car-

rier status and A β deposition was evaluated with a linear regres-

sion model including the study group (SMC or ADNI), age, sex, ed-

ucation years, APOE ε4 carrier status (coded as 1 and 0 for carriers

and non–carriers, respectively), rs7481773 carrier status, and study

group × rs7481773 interaction term as covariates. 

As a sensitivity analysis, we performed regression analyses in

subgroups of APOE ε3 homozygote carriers or elderly participants

(age > 70 years) to determine whether the APOE ε4 allele and age

affect the association of rs7481773 with A β ( + ). 

We estimated the proportion of phenotypic variance explained

by a particular SNP ( Shim et al., 2015 ). 

ANCOVA was performed to see if HV showed a significant

difference between carriers of the rs7481773 variant and non–

carriers, controlling for age, sex, APOE ε4 carrier status, and ed-

ucation. The longitudinal neuropsychological test data of 67 partic-

ipants were analyzed using a linear mixed effects model. We en-

tered the individual as a random effect com ponent, while age, sex,

APOE ε4 carrier status, education, group, time, and the interaction

between group and time (group by time) were entered as fixed ef-

fect components. 

We performed the genetic association study power analysis us-

ing a power calculation formula ( https://genome.sph.umich.edu/

wiki/Power _ Calculations: _ Quantitative _ Traits ). 

All analyses were performed using PLINK 1.9 and R version 3.6.1

(R Project for Statistical Computing). 

https://genome.sph.umich.edu/wiki/Power_Calculations:_Quantitative_Traits
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Table 1 

Demographics of the study populations. 

SMC 

(n = 434) 

ADNI 

(n = 323) 

Independent 

KOR 

(n = 69) 

KBASE 23 

(n = 256) 

J-ADNI 22 

(n = 83) 

A4 study 7 (n = 4,486) 

AIBL 24 

(n = 164) 

Total 

Asian 

(n = 169) 

European 

(n = 3,947) 

Age, mean (SD), 

y a 
70.5 (7.3) a 72.6 (6.1) 70.3 (6.4) 68.7 (8.1) 67.9 (5.2) 71.3 (4.7) 71.7 (4.3) 71.3 (4.7) 71.4 (7.3) 

Education, mean 

(SD), y 

11.8 (4.8) a 16.8 (2.5) 9.6 (5.0) 11.9 (4.7) 13.9 (2.4) 16.6 (2.8) 16.1 (2.6) 16.7 (2.8) 12.4 (2.6) 

Female, No. (%) 264 (60.8) 182 (56.3) 52 (55.1) 132 (51.6) 49 (59.0) 2,663 (59) 64 (37.9) 2,358 (59.7) 87 (53) 

APOE ε4 carrier, 

No. (%) 

103 (23.7) 96 (29.7) 11 (15.9) 47 (18.4) 22 (25.3) 1,550 (34.0) 37 (22.0) 1,393 (35.6) 70 (42.7) 

MMSE, mean, 

(SD) 

28.1 (1.8) a 29.1 (1.2) 27.5 (2.2) 26.9 (2.5) 29.2 (1.2) 28.2 (1.2) 28.3 (1.4) 28.8 (1.2) 28.8 (1.2) 

Amyloid 

positivity (%) 

20.0 a 32.8 10.1 18.0 22.9 29.5 17.5 30.4 30.5 

Abbreviations: SMC, Samsung Medical Center; ADNI, Alzheimer’s Disease Neuroimaging Initiative; KOR, Korean; KBASE, Korean Brain Aging Study for the Early Diagnosis and 

Prediction of Alzheimer’s disease; J-ADNI, Japanese Alzheimer’s Disease Neuroimaging Initiative; A4, Anti–Amyloid Treatment in Asymptomatic Alzheimer’s disease; AIBL, 

Australian Imaging Biomarkers and Lifestyle; MMSE, Mini-Mental State Exam; APOE , apolipoprotein E. 
a p < 0.05 between the SMC and ADNI datasets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results 

3.1. Clinical and demographic characteristics of participants 

The clinical and demographic characteristics of the participants

are described in Table 1 . The individuals in the SMC data showed

younger ages (70.5 ± 7.3 years vs. 72.6 ± 6.1 years, p < 0.001) and

lower education duration (11.8 ± 4.8 years vs. 16.8 ± 2.5 years, p

< 0.001) than the ADNI data. The frequency of APOE ε4 carriers

tended to be higher in the ADNI dataset (29.7%) than in the SMC

dataset (23.7%) ( p = 0.064). The frequency of A β ( + ) was higher

in the ADNI dataset (32.8%) than in the SMC dataset (20.0%) ( p <

0.001). 

We combined SMC, independent KOR, J-ADNI, and A4 study

(Asian) as Asian cohorts and ADNI, A4 study (European), and AIBL

as European cohorts. The Asian cohorts showed APOE ε4 carriers

in 21.8% of CN, whereas the European cohorts showed 35.2% CN

(Supplementary Table S2). The frequencies of A β ( + ) were 18.0%

in Asian cohorts and 30.6% in European cohorts (Supplementary

Table S2). 

3.2. Comparison of A β ( + ) frequency according to demographics and 

APOE ε4 genotype 

The frequencies of A β ( + ) according to age, sex, education du-

ration, and APOE ε4 carrier status in each dataset are shown in

Fig. 2 . In elderly participants ( ≥75 years), the ADNI data showed

a higher prevalence of A β ( + ) individuals than in the SMC data

(44.4% vs. 24.1%, p < 0.001). The frequency of A β ( + ) in females

was higher in the ADNI dataset than in the SMC dataset (38.5%

vs. 21.2%, p < 0.001). Moreover, the ADNI data showed a higher

prevalence of A β ( + ) than the SMC dataset in the 13–15 years of

education group (47.9% vs. 15.6%, p = 0.003), and the ≥ 16 years

of education group (29.8% vs. 17.0%, p = 0.003). The frequency of

A β ( + ) in the APOE ε3 homozygote group was significantly higher

in the ADNI dataset than in the SMC dataset (23.9% vs. 11.1%, p <

0.001) ( Fig. 2 ). 

Both datasets showed a higher frequency of A β ( + ) in the older

group than in the younger group (SMC: odds ratio [OR] 1.06, 95% CI

1.01–1.11; ADNI: OR 1.13, 95% CI 1.08–1.09). Lastly, APOE ε4 carriers

showed a higher frequency of A β ( + ) than ε3 homozygotes in both

the SMC and ADNI datasets (OR 8.6, 95% CI 5.0–14.9 for SMC and

OR 5.6, 95% CI 3.1–10.1 for ADNI). 
3.3. Genome-wide association analysis 

Prior to GWAS, we conducted PCA for the 10 0 0 Genomes

Project samples and projected our samples to the PCA plot to clar-

ify the ancestral distinction between SMC and ADNI. We confirmed

that the ADNI samples overlapped with the 10 0 0 Genomes Eu-

ropean cluster, while the SMC samples overlapped with the East

Asian cluster ( Fig. 3 ). 

For the SMC GWAS dataset, we performed a meta-analysis

based on the GWAS results from FBB (99 samples), and FMM (76

samples) PET data. The association results for 4,906,407 variants

are shown in Fig. 4 A. We identified 10 variants on chromo-

some 11 that exceeded the genome-wide significance level ( p

< 5 × 10 −8 ) ( Table 3 ). Rs7481773 ( p = 3.05 × 10 −9 ), rs1491851

( p = 3.94 × 10 −9 ), rs10 0 02266, rs1552736 ( p = 6.63 × 10 −9 ),

rs12803460, rs985205, rs17309958, rs1157659, rs17309951

( P = 9.49 × 10 −9 ), and rs7482257 ( p = 2.12 × 10 −8 ) were in

high linkage disequilibrium and located near BDNF as shown in

Fig. 4 E. At the suggestive level of association ( p < 1 × 10 −5 ),

we identified rs6 6 626994 (intergenic variant near APOC1 and

APOC1P1, p = 3.61 × 10 −7 ) and rs429358 ( p = 4.33 × 10 −7 ) on

chromosome 19 as the most significant variants in APOE. Other

variants were located near genes that were previously related to

AD risk, as summarized in Table 2 . 

In subgroup sensitivity analyses, we found that the minor allele

of rs7481773 was positively associated with A β ( + ) (beta = 0.4171,

standard error [SE] = 0.1341, p = 0.0024) in APOE ε3 homozy-

gote carriers (n = 125). In the elderly participants (n = 95, age

> 70 years), rs7481773 was also positively associated with A β ( + )

(beta = 0.5131, SE = 0.1459, p = 0.0 0 07). 

For the ADNI dataset, we performed a GWAS using the 18 F-AV45

amyloid-PET data. The association results for 7,117,161 variants are

shown in Fig. 4 B. No SNPs passed the genome-wide significance

level ( p < 5 × 10 −8 ). At the suggestive level of association ( p <

1 × 10 −5 ), we identified rs429358 ( APOE, p = 4.33 × 10 −7 ) as the

most significant variant. 

3.4. Replication of the association between variants on chromosome 

11 and A β deposition 

We performed a linear regression analysis in an independent

Korean cohort (n = 69) to replicate the SMC GWAS results on chro-

mosome 11 ( p < 5 × 10 −8 ). We found that the minor alleles of all

10 variants identified in the SMC GWAS were positively associated
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Fig. 2. Comparison of the prevalence of amyloid positivity according to characteristics in each study group. 
∗p < 0.05 between the SMC and ADNI datasets. Abbreviations: ADNI, Alzheimer’s disease neuroimaging initiative; SMC, Samsung medical center. 

Fig. 3. PCA plots of SMC and ADNI with the 10 0 0 genomes project samples. Abbreviations: PCA, principal component analysis; PC, principal component; SMC, Samsung 

medical center; ADNI, Alzheimer’s disease neuroimaging initiative; AFR, African; AMR, American; EAS, East Asian; EUR, European; SAS, South Asian; CDX, Chinese Dai in 

Xishuangbanna, China; CHN, Han Chinese in Beijing, China; JPT, Japanese in Tokyo, Japan; KHV, Kinh in Ho Chi Minh City, Vietnam. 

 

 

 

 

 

 

 

 

 

 

set. 
with A β deposition in the replication data ( p < 0.05) and showed

similar effect sizes to the discovery data. The results are shown in

Table 3 . 

3.5. Power estimation 

We estimated the genetic association study power using

175 samples ( N ), 0.05/1,0 0 0,0 0 0 for alpha (genome-wide sig-
nificance level), and 60% for the heritability ( H 

2 ) of amyloid

levels ( Ertekin-Taner et al., 2001 ). Resultantly, this experimental

setting was estimated to achieve a statistical power of approx-

imately 99.9% in the discovery set. Moreover, we achieved a

statistical power of approximately 99.9% (69 samples ( N ), and

0.05/10 for alpha (number of replicated SNPs)) in the replication
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Fig. 4. Genome-wide association analyses of A β deposition. (A) Manhattan plot of the GWAS meta-analysis for A β deposition in cognitively normal Korean subjects; (B) 

Manhattan plot of the GWAS analysis for A β deposition in cognitively normal ADNI subjects; (C) Scatter plot comparing the effect size of the Korean GWAS significant SNPs 

( p < 1 × 10 −5 ) between the 2 study groups; (D) Scatter plot comparing the effect size of the ADNI GWAS significant SNPs ( p < 1 × 10 −5 ) between the 2 study groups; (E) 

Regional plot for rs7481773 associated with A β deposition in cognitively normal Korean subjects. Abbreviations: β , coefficient of each SNP estimated by linear regression; ρ , 

Spearman’s correlation coefficient; κ , Cohen’s kappa coefficient; ADNI, Alzheimer’s disease neuroimaging initiative; GWAS, genome-wide association study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Comparing genetic variations between populations 

rs429358, one of the SNPs that determines APOE ɛ 4 status,

showed significant associations, based on the suggestive thresh-

old ( p < 1 × 10 −5 ), in both the SMC GWAS (beta = 0.8046,

SE = 0.1592, p = 4.33 × 10 −7 ), and ADNI GWAS (beta = 0.6751,

SE = 0.1295, p = 4.88 × 10 −7 ). The most significant SNP near

BDNF was not significant in the ADNI GWAS (rs7481773, p = 0.59).

Additionally, we confirmed that the interaction term between

rs7481773, and each population was significantly associated with

A β deposition ( p = 0.0125) in the multivariate linear regression

analysis. The proportion of A β deposition variance as explained by

the BDNF rs7481773 variant also differed between the 2 cohorts

(16.6% in the SMC dataset and 0.1% in the ADNI dataset), while

that of the APOE rs429358 variant was similar (12.7% in the SMC

dataset and 12.2% in the ADNI dataset). Moreover, we compared

the effect size (beta) of significant SNPs at the suggestive level ( p <

1 × 10 −5 ) detected in each GWAS. The correlation of effect size and

agreement for effect direction between the 2 cohorts were weak

overall ( Fig. 4 C and D). 

3.7. Hippocampal volume and memory decline of the rs7481773 

variant carriers 

The HV was measured in 154 CN participants in the SMC

dataset (Supplementary Table S1). There were no statistically sig-

nificant differences in HV between carriers of the rs7481773 vari-

ant (n = 68) and non–carriers (n = 86) (4.6 ± 0.6, 4.8 ± 0.5,

HV/ICV x 10 3 , p = 0.14) ( Fig. 5 A). 

We also collected the longitudinal data of detailed neuropsy-

chological tests in 67 CN participants in the SMC dataset (Sup-

plementary Table S1). rs7481773 carriers showed more rapid de-

cline in memory function (Seoul Verbal Learning Test delayed re-

call) than rs7481773 non–carriers ( p = 0.048) ( Fig. 5 B). 
4. Discussion 

We compared the frequency of A β ( + ) in CN individuals be-

tween Korean and European participants and investigated which

factors explained the difference in these frequencies according to

ethnicity. The major findings of our study are as follows. First, the

frequency of A β ( + ) in CN individuals was significantly lower in

Korean participants than in European participants. The Korean CNs

showed lower education duration, which is generally considered an

index of lower cognitive reserve ( Stern et al., 2020 ), than the Eu-

ropean CNs. Second, the effects of APOE ε4 on A β ( + ) in CN in-

dividuals between the Korean, and European groups were similar.

Finally, BDNF polymorphisms were significantly correlated with A β
uptake in the Korean participants, but not in the European partic-

ipants. The effects of BDNF polymorphisms on A β uptake differed

between the 2 ethnicities. Cumulatively, our findings suggest that

cognitive reserve or genetic factors may explain the different fre-

quencies of A β ( + ) between CN Koreans, and Europeans. 

Our first major finding was that the frequency of A β ( + ) of

CN was significantly lower in Asians than in Europeans. Our find-

ings are consistent with those of other studies ( Dang et al., 2018 ;

Donohue et al., 2014 ; Iwatsubo et al., 2018 ; Moon et al., 2019 ;

Sperling et al., 2020 ). Another study reported that the preva-

lence of A β ( + ) in CN Korean individuals was 18.0% ( Table 1 )

( Moon et al., 2019 ). The Japanese Alzheimer’s Disease Neuroimag-

ing Initiative (J-ADNI) also showed that the prevalence of A β ( + ) in

the CN Japanese population was 23% ( Iwatsubo et al., 2018 ). How-

ever, the Australian Imaging Biomarkers, and Lifestyle (AIBL) study

showed a 30.5% A β ( + ) prevalence in European CN populations

( Dang et al., 2018 ; Donohue et al., 2014 ). Furthermore, our find-

ings are also supported by the Anti–Amyloid Treatment in Asymp-

tomatic Alzheimer’s disease (A4) study’s finding that the preva-

lence of A β ( + ) in CN Europeans was 30.4%, although it was only

17.5% in Asians ( Sperling et al., 2020 ). Our observations of lower

frequency of A β ( + ) in CN Korean participants might be related to
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Fig. 5. (A) Hippocampal volumes of rs7481773 variant non–carriers and rs7481773 variant carriers among cognitively normal participants at SMC ( p = 0.14 ). (B) Cognitive 

trajectories of rs7481773 variant non–carriers and rs7481773 variant carriers among cognitively normal participants of SMC ( p = 0.048 ). 

Abbreviations: HV, hippocampal volume; ICV, intracranial volume; SMC, Samsung medical center; SVLT, Seoul verbal learning test. 

Table 2 

Genetic variants associated with A β deposition in the meta-analysis of the Korean population ( p < 1 × 10 −5 ). 

Peak SNP Chr Position A1 A2 

SNPs 

(N) a 
Nearby 

genes Region 

SMC CN ADNI CN 

Beta SE p value MAF EASMAF b Beta SE p value MAF 

Non–

FinnishEUR 

MAF b 

rs7481773 11 27751390 G A 10 BDNF Intergenic 0.7033 0.1191 3.50E–09 0.2486 0.2869 0.0537 0.0994 5.90E–01 0.5128 0.5087 

rs429358 19 45411941 T C 18 APOE Exonic 0.8046 0.1592 4.33E–07 0.1114 0.0885 0.6751 0.1295 4.88E–07 0.1531 0.1486 

rs3825100 12 131623101 G A 1 ADGRD1 Intronic -1.3779 0.2807 9.17E–07 0.0371 0.0713 - - – - 0.0005 

rs10228416 7 39303261 T C 7 POU6F2 Intronic -0.5332 0.1094 1.09E–06 0.3886 0.3844 -0.1227 0.1057 2.47E–01 0.5026 0.4655 

rs13196777 6 86988003 A G 2 SNHG5, 

HTR1E 

Intergenic -0.7436 0.1574 2.31E–06 0.1143 0.0720 0.1972 0.1524 1.97E–01 0.1199 0.1035 

rs10222882 4 86292692 T G 1 WDFY3- 

AS2, 

ARHGAP24 

Intergenic -0.5232 0.1114 2.65E–06 0.4829 0.4657 0.0528 0.1074 6.24E–01 0.5000 0.5247 

rs74902001 4 132482544 C T 1 LINC02479, 

SNHG27 

Intergenic -0.8327 0.1780 2.88E–06 0.1057 0.0224 - - – - 0.0035 

rs11746548 5 167329808 C G 1 TENM2 Intronic -0.5824 0.1249 3.13E–06 0.3486 0.5084 0.0320 0.1232 7.96E–01 0.2219 0.2608 

rs8053636 16 81931362 C T 2 PLCG2 Intronic -0.6307 0.1386 5.39E–06 0.2057 0.2147 0.0045 0.1062 9.66E–01 0.3214 0.3341 

rs11833879 12 105196755 T C 1 SLC41A2 Down 

stream 

0.5747 0.1263 5.39E–06 0.2486 0.2272 0.1859 0.1439 1.98E–01 0.1327 0.1544 

rs151079266 5 141197132 C T 1 ARAP3, 

PCDH1 

Intergenic 1.5880 0.3521 6.48E–06 0.0229 0.0173 - - – - 0.0001 

rs12503448 4 56571962 T C 6 NMU, 

LOC644145 

Intergenic 0.7719 0.1716 6.86E–06 0.1029 0.0770 0.0008 0.1240 9.95E–01 0.2270 0.2474 

rs61766358 1 30716230 G A 1 LINC01648, 

MATN1 

Intergenic -0.5178 0.1171 9.72E–06 0.2743 0.2142 - - – - 0.0078 

rs822169 1 58912438 A G 1 DAB1, 

OMA1 

Intergenic 0.5625 0.1272 9.85E–06 0.2429 0.2108 0.1312 0.1237 2.90E–01 0.2526 0.2532 

Abbreviations: SMC, Samsung Medical Center; ADNI, Alzheimer’s Disease Neuroimaging Initiative; CN, cognitively normal participants; Chr, chromosome; A1, major allele; 

A2, minor allele (effect allele); MAF, minor allele frequency; SE, standard error; EAS, East Asian; EUR, European. 
a The number of significant SNPs ( p < 1 × 10 −5 ) of SMC GWAS in each locus 
b Minor allele frequency for East Asian and non–Finnish European samples from the Genome Aggregation Database (gnomAD version 2.1.1, https://gnomad.broadinstitute. 

org ). 

Table 3 

Discovery and replication of the association between rs429358 and variants near BDNF with A β deposition in the Korean population 

SNP Chr Position A1 A2 

SMC CN (n = 175) Independent CN (n = 69) a Meta (n = 244) Meta adjustedfor APOE ε4 

MAF Beta p value MAF Beta p value Beta p value Beta p value 

rs429358 19 45411941 C T 0.1114 0.8046 4.33E–07 0.0725 0.8117 0.0648 0.8055 6.85E–08 - - 

rs7481773 11 27751390 G A 0.2486 0.7033 3.50E–09 0.2536 0.7435 0.0056 0.7103 5.21E–11 0.5768 2.48E-07 

rs1491851 11 27752763 T C 0.2600 0.6832 3.94E–09 0.2609 0.7632 0.0032 0.7140 2.11E–11 0.5759 7.78E-08 

rs1002266 11 27764612 G T 0.2629 0.6772 6.63E–09 0.2536 0.8964 0.0011 0.6976 3.33E–11 0.5906 5.38E-08 

rs1552736 11 27763277 A G 0.2629 0.6772 6.63E–09 0.2536 0.8964 0.0011 0.7049 4.11E–11 0.5906 5.38E-08 

rs12803460 11 27760058 C T 0.2600 0.6719 9.49E–09 0.2319 0.8679 0.0015 0.7049 4.11E–11 0.5811 9.24E-08 

rs985205 11 27758992 A T 0.2600 0.6719 9.49E–09 0.2319 0.8679 0.0015 0.7049 4.11E–11 0.5811 9.24E-08 

rs17309958 11 27765787 T C 0.2600 0.6719 9.49E–09 0.2319 0.8362 0.0017 0.7140 2.11E–11 0.5823 6.98E-08 

rs1157659 11 27757622 A G 0.2600 0.6719 9.49E–09 0.2319 0.8679 0.0015 0.7049 4.11E–11 0.5811 9.24E-08 

rs17309951 11 27764932 C A 0.2600 0.6719 9.49E–09 0.2319 0.8679 0.0015 0.7006 4.56E–11 0.5811 9.24E-08 

rs7482257 11 27755298 T C 0.2657 0.6603 2.12E–08 0.2899 0.8488 0.0011 0.6953 6.37E–11 0.5706 1.49E-07 

Abbreviations: SMC, Samsung Medical Center; CN, cognitively normal; Chr, chromosome; A1, major allele; A2, minor allele (effect allele); MAF, minor allele frequency; 

SE, standard error. 
a Linear regression model: A β ∼ age + sex + education years + PCs (1-4) + PET ligand type (FBB or FMM) + SNP. 

https://gnomad.broadinstitute.org
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the lower frequency of APOE ε4 in Koreans than in Europeans, as

APOE ε4 is an important risk factor for A β ( + ). A previous study

showed that the frequency of A β ( + ) in CN individuals was likely

to be lower in Asians than in Europeans, suggesting that it might

be related to the lower prevalence of APOE ε4 carriers in Asians

than in Europeans ( Sperling et al., 2020 ). However, in the present

study, the differences in the frequency of A β ( + ) CN between the 2

cohorts were prominently seen in APOE ε3 homozygotes. Interest-

ingly, Koreans had a lower frequency of A β ( + ) than Europeans in

females, but not in males. Further studies are needed to determine

whether ethnicity might modify the relationships between sex and

A β ( + ) in CN. 

In the present study, the difference in the frequency of A β ( + )

CN between the 2 groups was more prominent in the older group

( ≥75 years) than in the younger group. Korean participants aged

55–90 years were born between 1925–1960. Considering that the

cultural influences during our elderly participants’ childhood were

substantially different from those in the ADNI elderly participants,

it is possible that the lower frequency of A β ( + ) CN in Koreans

might be explained by several cultural factors. The elderly partic-

ipants included survivors of a society in transition from an ex-

ploited colony of the Japanese Empire (1910–1945) to a modern

developed nation ( Booth and Deng, 2017 ). Education before 1960

provided different educational experiences in students from Korea

and North America. Moreover, adult literacy rates in 1938 differed

between Korea (22%) and North America ( > 90%). As members of a

Japanese colony, most Koreans completed no more than 4 years at

school and received only poor-quality food in restricted amounts.

Japanese land lords controlled agricultural production, and work-

ers were mostly involuntary laborers. Additionally, nutritious food

produced was forcibly extracted to mainland Japan ( Booth and

Deng, 2017 ). Previous studies have shown that childhood stress is

associated with increased AD risk ( Radford et al., 2017 ), and differ-

ences in socioeconomic status during childhood have been associ-

ated with cognitive function in old age ( Everson-Rose et al., 2003 ).

It would therefore be reasonable to expect that older-generation

Koreans have acquired fewer protective factors against amyloid β
pathologies and are more vulnerable to cognitive impairments than

are CN European elderly participants. In fact, the incidence of AD

in Koreans ( Park et al., 2019 ) (13.0 per 10 0 0 person-years) seemed

to be higher than that in Europeans ( Niu et al., 2017 ) (11.1 per 10 0 0

person-years). Further studies are needed to investigate the effects

of cultural differences in childhood on the frequency of A β ( + ) CN.

Our second major finding was that the effects of APOE ε4

on A β ( + ) between Korean (OR = 6.0) and European CN groups

(OR = 5.6) were similar. This finding was also supported by our

GWAS analysis showing that effect sizes were comparable between

the 2 cohorts (the beta value of rs429358 was 0.8046 and 0.6751

in the SMC and ADNI datasets, respectively). To our knowledge, the

effects of APOE ε4 on A β ( + ) have not yet been extensively in-

vestigated in different ethnic groups. However, it was previously

shown that there might be differences in the effects of APOE ε4 on

the development of dementia by ethnicity ( Heffernan et al., 2016 ).

Specifically, the effect of the APOE ε4 allele on AD dementia in Eu-

ropeans (OR for ε 3/ ε 4 = 3.2 and OR for ε 4/ ε 4 = 14.9) was weaker

than that in Japanese (OR for ε 3/ ε 4 = 5.6 and OR for ε 4/ ε 4 = 33.1)

( Farrer et al., 1997 ; Heffernan et al., 2016 ). Therefore, further stud-

ies with larger sample sizes are needed to determine whether the

effects of APOE ε4 on A β ( + ) in CN individuals differ between eth-

nicities. 

Our final major finding was that BDNF polymorphisms signifi-

cantly correlated with amyloid accumulation in Koreans but not in

Europeans. There were interactions between BDNF polymorphisms

and ethnicities in A β uptake. Previous studies have shown that

BDNF is essential for maintaining adult cortical neurons in the en-
torhinal cortex, which is related to short-term memory function

in AD ( Giuffrida et al., 2018 ; Nagahara et al., 2009 ). Furthermore,

studies have shown that BDNF polymorphisms are associated with

A β-related cognitive decline in preclinical AD ( Lim et al., 2013 ;

Lim et al., 2015 ). In the AIBL study based on the European pop-

ulation, the BDNF Val66Met polymorphism showed no relationship

with the amount of A β or with the rate of A β accumulation in

healthy adults ( Lim et al., 2013 ). However, in the same AIBL study

group, A β+ ɛ 4 + / BDNF Met individuals are expected to show signif-

icant memory dysfunction after 3 years from baseline neuropsy-

chological (NP) testing, whereas A β+ ɛ 4 + / BDNF Val/Val individuals are

expected to show a similar degree of dysfunction after 10 years

from baseline NP testing ( Lim et al., 2015 ). Our finding might be

supported by a previous study showing that in Koreans, polymor-

phisms in BDNF may be associated with a vulnerability in brain

structure ne2rks ( Park et al., 2017 ). This results in a rapid decrease

in cognitive function in the amyloid positive population and leads

to a lower A β ( + ) prevalence in CN individuals than in Europeans.

We also found that significant variants at suggestive levels

in the SMC GWAS, rs10228415 ( POU6F2 ), rs11746548 ( TENM2 ),

rs8053636 ( PLCG2 ), rs151079266 ( ARAP3, PCDH1 ), and rs822169

( DAB1, OMA1 ), were reportedly associated with AD or A β de-

position in previous genetic studies ( Bastias-Candia et al., 2015 ;

Chouraki et al., 2014 ; Cuchillo-Ibanez et al., 2013 ; Cuchillo-

Ibanez et al., 2016 ; Furney et al., 2011 ; Hoe et al., 2006 ;

Homayouni et al., 1999 ; Lempriere, 2019 ; Li et al., 2015 ;

Magno et al., 2019 ; Shulman et al., 2011 ; Sims et al., 2017 ;

Tessarin et al., 2019 ; van der Lee et al., 2019 ). However, the find-

ings that these SNPs potentially contribute to A β deposition in CN

East Asians need to be investigated using meta-analyses in inde-

pendent East Asian populations in further studies. 

To explain our finding of lower frequency of A β ( + ) in CN Ko-

reans than in CN Europeans participants, we hypothesized that A β
( + ) CN might more rapidly progress to cognitive impairments in

Koreans than in Europeans. There are potential mechanisms to ex-

plain our hypotheses. First, considering that education levels re-

fer to a proxy of cognitive reserve ( Stern et al., 2022 ; Stern et al.,

2020 ), it is possible to expect that CN Koreans might have lower

cognitive reserve than in CN Europeans because CN Koreans had

lower education levels than CN Europeans. Alternatively, the dif-

ferences in the effects of BDNF polymorphisms on A β uptake be-

tween the 2 ethnicities might explain our hypothesis. In fact, rela-

tive to non–carriers, rs7481773 variant carriers showed more rapid

decline in memory function. However, we did not find statistically

significant differences in hippocampal volume, which is a proxy of

brain reserve, between carriers, and non–carriers. To test whether

genetic differences between the 2 ethnicities might have an effect

on different frequencies of A β ( + ) through brain reserve hypothe-

sis, further studies with a larger number should be needed. 

4.1. Strengths and limitations 

The strengths of our study are the relatively large sample size

and the carefully standardized phenotyping of CN participants.

However, there are some limitations to our study. First, the dif-

ference between the SNP microarray panels used for the GWAS of

each population might have affected our analyses. These discrep-

ancies might be addressed by performing QC and imputation using

an identical pipeline for the 2 datasets, as we have observed that

the same variant (rs429358 near APOE ) has shown significant asso-

ciations in both GWAS. Second, we did not identify any other sig-

nificant GWAS variants other than the polymorphisms near BDNF ,

implying insufficient statistical power for GWAS given our sample

size. Third, CN individuals in the SMC dataset underwent 2 differ-

ent 18F-labeled amyloid PETs or different methods in evaluating
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A β positivity. However, this limitation might be mitigated by the

Centiloid methods in evaluating A β positivity ( Cho et al., 2020 ;

Morris et al., 2016 ; Ng et al., 2007 ). Fourth, there might be dif-

ferences between SMC and ADNI in relationships between cogni-

tive test scores and amyloid β deposition in CN. Recently, we de-

veloped the Preclinical Amyloid Sensitive Composite (PASC) model

to predict A β ( + ) in CN ( Hahn et al., 2020 ). The items of cogni-

tive tests in the PASC are similar to those of the cognitive tests in-

cluded in the Preclinical Alzheimer Cognitive Composite for ADNI

CN. Fifth, in our analysis, we didn’t control for detailed socioeco-

nomic factors such as life stressors, and other factors that may vary

between the cohorts. Further studies are needed to add socioe-

conomic data and information about possible aging-related health

disparities to investigate the differences between Korean and Eu-

ropean samples. Sixth, another effector, responder, or modifier to

BDNF may be present that may explain the discrepancy between

the 2 ethnicities which is not sufficiently explained by the BDNF

SNP. We did not perform functional studies of the effects of SNPs

on BDNF in the present study. Thus, further studies are needed to

investigate the effects of SNPs on BDNF . Lastly, we were unable to

access the genetic dataset from J-ADNI, KBASE, AIBL, and the A4

study. Future studies with larger populations are needed using the

genetic dataset. 

5. Conclusions 

In conclusion, our results showed differences in the frequencies

of A β ( + ) between Koreans and Europeans and in the clinical and

genetic factors related to A β ( + ) in Koreans and Europeans. Our

findings suggest that the effects of APOE ε4 on A β ( + ) between Ko-

rean and European CN cohorts are similar, while BDNF variants are

associated with A β uptake in Korean, but not in European CN co-

horts. Therefore, our findings will encourage clinicians to consider

ethnic differences including prevailing cultures in their childhood,

and genetic factors for the prevention of dementia progression. 
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