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1. Psychometric steps for cognitive tests

We investigated the unidimensional model of both ROCFT scores (i.e. immediate and 

delayed score) and education attainment scores (i.e. reading and writing). First, missing data was 

cleaned and processed using imputation by chained equations implemented in the “mice” package 

from R (1). 

Second, we used Confirmatory Factor Analysis (CFA) and Item Response Theory (IRT) 

analyses to investigate the model fit of a unidimensional model of ROCFT scores (i.e. immediate 

and delayed scores) and education attainment scores (i.e. reading and writing scores). The CFA 

models were fitted to polychoric correlations using mean and variance adjusted weighted least 

squares (WLSMV) estimator implemented by the “lavaan” package from R (2). Model fit was 

judged to be good if CFI (Comparative Fit Index) and TLI (Tucker-Lewis Index) ≥ .95 and if 

RMSEA (Root Mean Square Error of Approximation) ≤. 06 and was judged to be acceptable if 

CFI and TLI ≥. 90 and RMSEA ≤ .08 (3,4). We estimated reliability indices using omega 

coefficients (5). 

Third, we performed unidimensional Item Response Theory (IRT) analyses using two-

parameter Graded Response Model (6) to calculate each item’s discrimination and difficulty 

parameter. IRT analyses were fitted using the “ltm” package from R (7). We used the following 

interpretation to the discrimination parameters: 0 (none), .01-.34 (very low), .35-.64 (low), .65-

1.34 (moderate), 1.35-1.69 (high) and higher than 1.7 (very high) (8). Moreover, we used test 

information curves to compare on which range each score is able to capture information. 

Fourth, we investigated the linear, quadratic and cubic tendencies of these associations 

using mixed-effect models (9,10). We adjusted for test evaluator in the ROCFT scores analyses, 

for subjects’ school in the education attainment analyses and for site in both analyses. Finally, we 

used the normalized residuals of the best fitting mixed effect model (i.e. linear for ROCFT scores 

and cubic for education attainment scores) to perform our analyses. 

.
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1.1. ROCFT 

Scoring method 

The Rey–Osterrieth Complex Figure Test (ROCFT) (11,12) is a well-recognized test used 

to assess visuospatial memory (13). Individuals are asked to draw the ROCFT in three steps: copy, 

in which they can look at the stimulus card, Immediate (IR) and Delayed Recall (DR), in which 

they are instructed to draw what they remember after 3 and 30 minutes, respectively.  

In the Quantitative Scoring System (12,14), the ROCFT is divided in 18 items and each 

item receives a score from 0 to 2. Most studies use the sum of these scores (raw score), while 

others use the recall scores as a proportion of the copy score (percent-retained score) (Gallagher 

& Burke, 2007). These methods present several limitations. The raw score is highly influenced by 

the constructional, perceptual, and attentional components of the copy score and might not capture 

accurately the memory construct (15). Although the percent-retained score is independent of the 

copy score, it does not account for the fact that subjects might receive a better score in an item in 

the recall task than in the copy task.  

In order to obtain a purer measure of the memory construct, we created a new score to 

assess the ROCFT. We assessed the immediate and delayed recall scores as a proportion of the 

copy score to each item separately and excluded the items in which the recall score outperformed 

the copy score. The items were given the following scores: 0, if the individual could not remember 

the item; 0.5, if the individual remembered partially the shape and/or location of the item; and 1, 

if the individual remembered the shape and the location of the item as they draw in the copy task. 

We also excluded subjects who draw less than 50% of the ROCFT items in the copy task (n = 6). 

Missing data was replaced by multiple imputation by chained equations using the “mice” package 

from R (1). Finally, we used the normalized residuals of the best fitting mixed effect models (i.e. 

linear) adjusted for the age of the participants, since previous research showed a significant effect 

of age on the ROCFT (15).  
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 Confirmatory Factor Analysis (CFA) 

CFA showed acceptable fit to the unidimensional model of the IR [RMSEA=.057 (CI90% 

= .054-.060); CFI=.943; TLI=.936] and DR scores [RMSEA=.052 (CI90% = .049-.055); 

CFI=.952; TLI=.946]. We also found good reliabilities for both IR (omega = 0.81) and DR scores 

(omega = 0.81). 

 Item Response Theory 

IRT analyses showed most IR adjusted items informed “moderate” (0.782-1.497, 

median=0.958), while most DR adjusted items (1.452-4.609, median=1.573) informed “very 

high”. Each item’s discrimination and difficulty parameter is available upon request. Test 

information curves showed all scores are able to capture variability on the range from -2 to +2 z-

scores.  

 

FIGURE S1. Test Information Function for immediate and delayed recall 
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 1.2. Reading and writing abilities 

Confirmatory Factor Analyses 

CFA showed good fit to the unidimensional model for both reading [RMSEA=.0019 

(CI90% = .0018-.0020); CFI=1.000; TLI=1.000] and writing [RMSEA=.031 (CI90% = .030-

.033); CFI=.997; TLI=.997]. We also found good reliability for both models (omega reading 

=0.987; omega writing=0.958). 

 

Item Response Theory 

IRT showed most items informed “very high” for both reading (1.570-3.495, 

median=2.483) and writing (0.866-2.980, median=2.377). Each item’s discrimination and 

difficulty parameter is available upon request. Test information curves showed all scores are 

able to capture variability on the range from -2 to +2 z-scores.  

 

FIGURE S2. Test information curves for reading and writing 
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2. Exploratory and sensitivity analyses 

2.1 Regressions for the Brazilian non-Caucasian subsample 

In our main analyses, we used a sample from 668 to 716 children and adolescents, which 

is described in Table S1. Given that most studies using polygenic risk score for Alzheimer’s 

disease (AD-PRS) use only Caucasian samples, we also performed regressions for a Brazilian 

Caucasian subsample (n=428) and a non-Caucasian subsample (n=288).   

For the Brazilian non-Caucasian subsample, we also found associations of AD-PRS with 

immediate recall (β=-0.204, p = 0.033) and delayed recall (β=-0.249, p=0.008). We did not find 

associations with right (β=-0.009, p=0.915) and left hippocampal (β=0.072, p=0.387) volumes. 

Regressions for the Brazilian Caucasian subsample are available on the main text. 

TABLE S1. Brazilian total sample description  

 

Immediate and 

delayed recall 

(n=668) 

Reading and 

writing 

 (n=716) 

Executive function 

(n=677) 

Hippocampal 

volumes (n=670) 

Mean (SD) 

Age 10.19 (1.83) 10.10 (1.85) 10.19 (1.83) 10.19 (1.83) 

IQ 101.14 (16.27) 101.13 (16.26) 101.14 (16.27) 101.18 (16.29) 

Family income 3207.83 (2288.67) 3188.39 (2279.90) 3207.82 (2288.67) 3208.60 (2294.57) 

% 

Female 45.80% 45.90% 45.80% 45.80% 

Ethnicity     

Caucasian 60.30% 60.24% 60.30% 60.30% 

Black 9.90% 10.04% 9.90% 10.10% 

Multiracial 29.00% 28.94% 29.00% 28.70% 

Indigenous 0.60% 0.64% 0.60% 0.60% 

Asian 0.10% 0.14% 0.10% 0.10% 

  

.
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2.2. Regressions using other PRS thresholds 

We also performed multiple regressions using other thresholds for AD-PRS for the 

Brazilian total sample. Most important results for other phenotypes are described on the main text. 

We found associations with immediate recall for threshold p<0.0119 (p=0.008) and with delayed 

recall for threshold p<0.02025 (p=0.002). We also found associations with reading (p=0.013) and 

writing (p=0.033) for threshold p<0.026.  For left hippocampal volume, maximum explanation of 

the phenotype was found at threshold p<0.1318 (p=0.044), with several other thresholds also 

explaining statistically significant levels of variance. For right hippocampal volume, associations 

were found for threshold p<0.1185 (p=0.009). No associations were found for executive function. 

Results are depicted in Figures S3 to S9. 

  

.
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FIGURE S3. Associations between immediate recall and AD-PRS for multiple thresholds 
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FIGURE S4. Associations between delayed recall and AD-PRS for multiple thresholds 
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FIGURE S5. Associations between reading and AD-PRS for multiple thresholds 
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FIGURE S6. Associations between writing and AD-PRS for multiple thresholds 
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FIGURE S7. Associations between executive function and AD-PRS for multiple thresholds 
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FIGURE S8. Associations between left hippocampal volume and AD-PRS for multiple 

thresholds 
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FIGURE S9. Associations between right hippocampal volume and AD-PRS for multiple 

thresholds 
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2.3. Quantile regressions 

We also performed quantile regressions for the Brazilian total sample to investigate 

whether associations between AD-PRS and other variables change within different levels of the 

response variable. In quantile regression, quantiles of the distribution of the response variable are 

expressed as functions of observed covariates.  Quantile regressions using the AD-PRS as the 

response variable are depicted in Figure S10. Main results for hippocampal volumes are described 

in the main text. Brazilian total sample description by AD-PRS quintiles can be found in Table S2. 

 

 

 

FIGURE S10. Quantile regressions using the AD-PRS as the response variable 

a. Immediate recall 

 

b. Delayed recall 

 

.
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c. Reading 

 

d. Writing 

 

e. Executive function 
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TABLE S2. Brazilian total sample description by quintiles of AD-PRS 

 1st quintile 2nd quintile 3rd quintile 4th quintile 5th quintile 

Mean (SD) 

Age 10.30 (1.93) 10.16 (1.99) 9.93 (1.86) 9.93 (1.70) 10.17 (1.79) 

IQ 105.47 (17.46) 103.83 (16.57) 99.22 (14.69) 99.06 (15.72) 97.75 (15.44) 

Family income 3464.80 

(2949.86) 

3470.03 (2214.46) 3203.30 (2502.16) 2775.30 (1602.60) 3011.20 

(1803.11) 

% 

Female 46.50% 44.80% 42% 50.30% 46.20% 

Ethnicity      

Caucasian 85.20% 75.60% 63.70% 51.50% 22.30% 

Black 2.10% 3.70% 4.40% 10.30% 30.80% 

Multiracial 12% 20% 31.90% 35.30% 46.90% 

Indigenous 0% 0.7% 0% 2.20% 0% 

Asian 0% 0% 0% 0.70% 0% 

 

 

2.4. Hippocampal subregions 

We performed multiple regressions using hippocampal sub-regions (1). We found 

associations of AD-PRS with right Ammon’s horn (CA) 4 and dentate gyrus (DG) for both 

Brazilian samples and with left CA 4 and DG, right CA 1 and left subiculum only for the Brazilian 

discovery sample. We did not find associations with other sub-regions. Results of these regressions 

are described in Table S3.  
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TABLE S3. Associations between AD-PRS and hippocampal subregion volumes 

 Brazilian discovery sample (n=364) Brazilian replication sample (n=352) 

 β T p-value β T p-value 

Right CA1 0.214 2.617 0.008* 0.064 0.656 0.5116 

Left CA1 0.032 0.082 0.6924 0.079 0.798 0.425 

Right CA2 CA3 0.016 0.181 0.8563 0.159 0.090 0.0781 

Left CA2 CA3 -0.088 -1.040 0.2984 0.064 0.679 0.4973 

Right CA4 DG 0.237 2.797 0.0051* 0.191 1.990 0.0465* 

Left CA4 DG 0.176 1.973 0.0485* 0.122 1.291 0.1965 

Right subiculum 0.130 1.622 0.1047 -0.008 -0.080 0.9361 

Left subiculum 0.2084 2.535 0.0112* 0.128 1.355 0.1753 

Right stratum 0.168 1.901 0.0573 0.064 0.678 0.498 

Left stratum 0.047 0.562 0.5741 0.068 0.709 0.4784 

CA –Ammon’s horn; DG – Dentate gyrus.  
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3. Associations of cognition and hippocampal volumes with APOE 

 Apolipoprotein E (APOE) is implicated in plasma lipoprotein metabolism and lipid 

transport within tissues. There are three common polymorphisms for APOE (2, 3 and 4), and the 

type 4 allele (APOE-epsilon 4) is a major risk factor for Alzheimer's disease (AD) (1). Previous 

studies showed APOE epsilon 4 to increase the odds of developing AD by up to four fold in 

heterozygous and up to 30 fold in homozygous compared to non-carriers (2). The frequency of the 

E4 polymorphisms is estimated in 15% in Caucasians and in 25% in African Americans (3). The 

frequency of the alleles in the Brazilian total sample was 2.4% (n=17) for 4/4. 19.6% (n=140) for 

3/4, 1.8% (n=13) for 2/4, 65.8% (n=469) for 3/3, 10% (n=71) for 3/2, and 0.4% (n=3) for 2/2. 

Given the association between APOE-epsilon 4 and AD, we investigated the associations 

between APOE polymorphisms and memory, verbal abilities, executive function and hippocampal 

volumes. We adjusted all analyses for the four principal components of genotyping. The results of 

these analyses appear in the article main text. 
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4. Assessment of executive functions 

Brazilian participants performed six tasks to assess working memory, inhibitory control, 

and time processing. To evaluate working memory, participants performed the backward digital 

span (1) and backward Corsi blocks (2). In the first, they were asked to repeat sequences of 

numbers, in the order stated or in the reverse order. In the second, they were asked to repeat a 

spatial sequence tapped in nine identical blocks. To evaluate inhibitory control, participants 

performed the conflict control task (3) and the go/no go task (4). The conflict control task involves 

indicating either the actual (congruent trials) or opposite (incongruent trials) direction towards 

which an arrow pointed, with percentage of correct incongruent responses indicating performance. 

The go/no go task required participants to inhibit the tendency to press a button indicating the 

directing of arrows when a double-headed arrow appeared, with the percentage of failed inhibitions 

indicating performance. The time processing task (5) involved trials where participants anticipated 

the appearance of a visual stimulus after 400ms and 2,000ms, with the percentage of hits indicating 

performance.  
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5. SNPs comprising AD-PRS and enrichment analysis for genes and pathways 

Using the 5116 SNPs from AD-PRS (p<0.01 threshold), we performed an association study 

for memory performance and hippocampal volumes adjusting for the four principal components. 

We found no significant associations between each individual SNP from AD-PRS (p<0.01 

threshold) and memory performance or hippocampal volumes after corrections for multiple 

comparisons (p<9.7 10-6) (Fig. S11), which suggests it is the aggregate weighted risk conferred by 

the SNPs included in the score and not specific associations that are driving the results. 

In order to investigate the genes and pathways associated with AD-PRS, we used MAGMA 

tool (1) considering all SNPs available in our cohort but using the International Genomics of 

Alzheimer’s Project  (IGAP; web.pasteur-lille.fr/en/recherche/u744/igap/igap_download) GWAS 

p-values to find enriched genes and pathways (using Reactome as background). We found several 

enriched pathways, including immunoregulatory interactions between lymphoid and non-

lymphoid cells (R-HSA-198933), VLDL assembly (R-HSA-8866423) and Netrin-1 signaling (R-

HSA-373752). The genes and pathways are described in Tables S4 and S5, respectively. 
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FIGURE S11. Associations between AD-PRS genes and immediate and delayed recall 
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TABLE S4. Top 10 enriched genes 

Gene Chromosome Start Stop 

Number of 

SNPS 

Number of 

parameters Z-value p 

BCAM 19 45311316 45325678 17 14 7.8922 1.48E-15 

RELB 19 45503707 45542456 51 31 7.7305 5.36E-15 

BCL3 19 45245070 45264301 28 20 7.4684 4.06E-14 

CLU 8 27453434 27473328 37 23 7.4531 4.56E-14 

CLPTM1 19 45456842 45497604 110 33 7.3626 9.02E-14 

APOC4 19 45444495 45449753 10 7 7.1603 4.03E-13 

CBLC 19 45280126 45304903 20 15 6.7522 7.28E-12 

PVR 19 45146098 45170429 47 25 6.6207 1.79E-11 

APOC2 19 45448239 45453822 22 12 6.5317 3.25E-11 

ABCA7 19 1039102 1066571 99 55 6.5303 3.28E-11 

  

TABLE S5. Top 10 enriched pathways 

Pathway Number of genes p-value Pathway description  

R-HSA-198933 109 0.00042212 Immunoregulatory interactions 

between a Lymphoid and a non-

Lymphoid cell 

 

R-HSA-8866423 5 0.0028539 VLDL assembly  

R-HSA-428790 13 0.0028873 Facilitative Na+-independent 

glucose transporters 

 

R-HSA-373752 41 0.0035995 Netrin-1 signaling  

R-HSA-428776 4 0.0038013 Class II GLUTs  

R-HSA-2408508 8 0.0041715 Metabolism of ingested SeMet, 

Sec, MeSec into H2Se 

 

R-HSA-428540 13 0.00476 Activation of Rac  

R-HSA-1433559 16 0.0060558 Regulation of KIT signaling  

R-HSA-156581 14 0.0080862 Methylation  

R-HSA-2179392 9 0.0091603 EGFR transactvation by Gastrin  
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