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Objective: Alzheimer’s disease is a heritable neurodegen-
erative disorder in which early-life precursors may manifest
in cognition and brain structure. The authors evaluate this
possibility by examining, in youths, associations among
polygenic risk score for Alzheimer’s disease, cognitive abil-
ities, and hippocampal volume.

Method: Participants were children 6–14 years of age in two
Brazilian cities, constituting the discovery (N=364) and rep-
lication samples (N=352). As an additional replication, data
from a Canadian sample (N=1,029), with distinct tasks, MRI
protocol, and genetic risk, were included. Cognitive tests
quantified memory and executive function. Reading and
writing abilities were assessed by standardized tests. Hippo-
campal volumeswere derived from theMultiple Automatically
GeneratedTemplates (MAGeT)multi-atlas segmentationbrain
algorithm. Genetic risk for Alzheimer’s disease was quantified
using summary statistics from the International Genomics of
Alzheimer’s Project.

Results: Analyses showed that for the Brazilian discovery
sample, each one-unit increase in z-score for Alzheimer’s poly-
genic risk score significantly predicted a 0.185 decrement in
z-score for immediate recall anda0.282decrement fordelayed
recall. Findings were similar for the Brazilian replication sample
(immediate and delayed recall, b=20.259 and b=20.232, both
significant).Quantile regressions showed lowerhippocampal
volumes bilaterally for individuals with high polygenic risk scores.
Associations fell short of significance for the Canadian sample.

Conclusions:Genetic risk for Alzheimer’s disease may affect
early-life cognition and hippocampal volumes, as shown in
two independent samples. These data support previous ev-
idence that some forms of late-life dementia may represent
developmental conditionswith roots in childhood. This result
may vary depending on a sample’s genetic risk and may be
specific to some types of memory tasks.
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Alzheimer’s disease is a late-life neurodegenerative disorder
affecting 1 in 9 Americans over age 65 (1). No effective treat-
ments exist, perhaps becauseAlzheimer’s disease is diagnosed
relatively late in a slowly evolving disease process (2, 3). In
fact, evidence suggests that this process begins in early life
(4), much like other chronic disorders of adults, including
obesity and cardiovascular disease. The present study eval-
uated early-life signs of developmental risk for Alzheimer’s
disease by examining associations among genetic risk, cog-
nition, and brain structure in children and adolescents.

Heritability in Alzheimer’s disease has been estimated to
be in the range of 48%–79% (5, 6). Studies of specific genetic
risk factors have identified the apolipoprotein E (APOE) ε4
allele (7) and multiple other risk factors of smaller effect size
detected in genome-wide association studies (GWAS) (8–13).

Even though these variants have a low impact onAlzheimer’s
disease risk individually, the additiveeffect of several locimay
have significant predictive utility (14). The sum of the alleles
associated with a certain trait for a given p value threshold,
weighted by their effect sizes estimated fromGWAS, is called
polygenic risk score.

Evidence of a slowly evolving course in Alzheimer’s dis-
ease arises from various sources. Neuropathological features
can appear decades before disease onset. Studies have shown
that Alzheimer’s polygenic risk score also predicts correlates
of Alzheimer’s disease risk, includingmemory decline (15) and
structural perturbations in the hippocampus (2, 16–18), in
adults without dementia. Measures of cognitive function
in childhood and early adulthood predict later risk (4, 19).
Nevertheless, resultsontheassociationbetweenAPOE-ε4allele
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and family history of Alzheimer’s disease and brain structure
in children and adolescents have been inconsistent (20–22).

Despite these interesting clues, no study has investigated
associations among aggregate genetic risk factors for Alz-
heimer’s disease, cognition measures, and brain volumes in
children and adolescents. This approach may increase our
understanding of Alzheimer’s disease pathogenesis and
risk, potentially enabling the development of preventive
measures, early diagnosis, and better treatments targeting
initial signs of the disease.

In this study,we investigated the associations ofAlzheimer’s
polygenic risk score in childhood and adolescence with
cognitive performance, reading andwriting abilities, executive
function, and hippocampal volume in two Brazilian samples: a
discovery sample from Porto Alegre (N=364) and a replication
sample from São Paulo (N=352). Datawere collected at the two
sites using the same data collection procedures and cognitive
tasks and similar scanners and MRI acquisition protocols. In
addition, we searched for evidence of comparable associations
in a third sample of Canadian adolescents (N=1,029), assessed
with distinct cognitive tasks andMRI acquisition protocol. We
hypothesized that children with a higher polygenic risk score
performworse onmemory recall, reading, andwriting tests and
have lower hippocampal volumes.

METHOD

Brazilian Samples
Participantswerechildrenandadolescents6 to 14yearsof age
from the Brazilian High Risk Study for Psychiatric Disorders
(23). Participants were recruited from schools in two cities
in Brazil: Porto Alegre (arbitrarily defined as the Brazilian
discovery sample before any data analysis) and São Paulo
(defined as the Brazilian replication sample). Participants
wereselectedatbothsitesbya screeningphaseencompassing
9,937 children and followed by a selection of two subgroups:
a high-risk subgroup for psychiatric disorders composed of
1,554participantswithpsychiatric symptoms andhigh family
loading of symptoms, and a random-selection subgroup with
958 individuals (23).

From this pool of 2,512 participants, a total of 716 (364 in
Porto Alegre and 352 in São Paulo) underwent genotyping.
Within this subsample, all children (N=716) performed reading
and writing tests, 668 performed the Rey-Osterrieth Complex
Figure Test (ROCFT), 677 performed executive function tests,
and 670 underwent T1-weighted structural MRI.

Parents of the participants and literate participants pro-
vided written consent, and verbal agreement was obtained
from illiterate participants. The Ethics Committee of the
University of São Paulo approved the study. Detailed in-
formation regarding the selection of participants has been
published elsewhere (23).

Genotyping. EDTA tubes were used to collect whole blood.
GenomicDNAwas isolatedusingGentraPuregenekits (Qiagen).
Genotyping was performed using the HumanOmniExpress

V1 (Illumina). Single-nucleotide polymorphisms (SNPs) with a
minor allele frequency,1%, locusmissingness.10%, orHardy-
Weinberg equilibrium significance,0.000001 were excluded,
as were individuals with genotype missingness .10% and an
estimation of identity by descent .0.12. We performed geno-
type imputation in the Michigan Imputation Server (https://
imputationserver.sph.umich.edu), using the 1000G phase 1,
version 3, and the prephasing algorithm SHAPEIT2.

Polygenic risk score. Alzheimer’s polygenic risk score was
calculated with the PRSice software package (24), using as a
training sample the summary statistics of the International
Genomics of Alzheimer’s Project (IGAP) (http://web.pasteur-
lille.fr/en/recherche/u744/igap/igap_download.php), and as
a target sample our imputed genotype. P value–informed
clumping was performed retaining the SNP with smallest p
value within a 250-kb window and excluding SNPs that were
in linkage disequilibrium (r2.0.1). For the main analyses, we
selected, a priori, a p threshold of 0.01, which contained 5,116
independent SNPs in the training and target samples, because it
had been previously used in other studies using Alzheimer’s
polygenic risk score (2). Supplemental analyses investigating
other thresholds using PRSice are provided in the data sup-
plement that accompanies the online edition of this article
(section 2.2).

Nondeclarative memory. Nondeclarative memory was as-
sessed using the ROCFT. The ROCFT is widely used to
assess nondeclarative visuospatial memory as well as atten-
tion, coordination, and organizational skills. Impairment in-
dicatedon theROCFThasbeen linked toAlzheimer’sdiagnosis
in adults (25) and to family-genetic risk forAlzheimer’s disease
in children (19).

The ROCFT involves three steps: in the first (copy), in-
dividuals are asked to draw the figure while looking at the
ROCFT stimulus card; in the second (immediate recall) and
third (delayed recall), participants are asked to draw the
figure from memory, with immediate recall tested at 3 min-
utes and delayed recall at 30 minutes. Performance was
assessed by trained raters blind to all other data, via the
Quantitative Scoring System (26). With this scoring system,
each of 18 items concerning location and shape accuracy was
assigned a score from 0 to 2.

ROCFT scoreswere calculated using themeanpercentage
of retained items for each item (i.e., recall score/copy score),
excluding items in which the recall score outperformed the
copy score, for both immediate and delayed recall. We also
excluded participantswho drew less than 50% of the ROCFT
items in the copy task (N=6). (Further information regarding
thereliabilityandvalidityof theROCFTandthescoremethods
used in this study is provided in the online data supplement,
section 1.) Dependent variables were factor scores for each task
after regressing out age trends by saving studentized residuals.

Reading and writing abilities. Participants’ reading and writ-
ing abilities were quantified using the Brazilian version of
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the Academic Performance Test (27). In the reading task,
participants were asked to read aloud 70 words, and in the
writing task, they were asked to write 34 dictated items.
Dependent variables were factor scores for each task after
regressing out age trends by saving studentized residuals.

Executive function. Participants performed six tasks for
assessment ofworkingmemory, inhibitory control, and time
processing,which loaded on a single higher-order executive
function factor. The second-ordermodel provided excellent
fit to the data, as described elsewhere (28). The depen-
dent variables were factor scores for the second-order
model after regressing out age trends by saving studentized
residuals. (Further information about the assessment of
executive function is provided in the data supplement,
section 4.)

Hippocampal volumes. T1-weighted structural MR images
were acquired using 1.5-T GE Signa HDx (Brazilian repli-
cation sample) and Signa HD (Brazilian discovery sample)
scanners with the following parameters: TR=10.916 ms,
TE=4.2 ms, slice thickness=1.2 mm, flip angle=15°, matrix
size=2563192, FOV=245 mm, max=156 slices). Imaging ac-
quisitions were repeated whenever subjects moved during
the procedure until optimal quality was obtained.

To estimate hippocampal volumes, we used the Multiple
Automatically Generated Templates for different brains
(MAGeT) algorithm (29), a newly developed multi-atlas seg-
mentation method. Further information regarding the MAGeT
algorithm can be found elsewhere (30, 31). Hippocampal
volumes were then adjusted by total intracranial volume by
retaining studentized residuals in a linear regression model
estimated using FreeSurfer, version 5.3. A total of 12 par-
ticipants were excluded in quality control of the MAGeT
algorithm.

Canadian Sample
Participants in the Canadian sample were 1,024 adolescents
(mean age, 15 years [SD=0.8]; 52% were female) from
481 families, recruited from high schools in Quebec. All ado-
lescents had European (French) ancestry and at least one
sibling 12–18 years old. Further information about this sam-
ple can be found elsewhere (32).

Briefly, nondeclarativememorywas assessedusing thedot
location subtest and the stories subtest of the Children’s
Memory Scale (33). In the dot location subtest, participants
were asked to place eight chips on a blank grid in locations
previously shown. This procedure was repeated five times,
forming a total rawscore.After 40minutes, participantswere
asked to recall the location of the first pattern (long delay).
Both long delay and total raw scores were then divided
by learning score in order to reduce bias from task mis-
understanding. In the stories subtest, participantswereasked
to listen to a story read aloud by the examiner and to
repeat it aloud promptly (immediate recall) and again after
20–30 minutes (delayed recall). They also performed a

delayed recognition task, inwhich theywere asked yes-or-no
questions about the stories. All dependent variables were
factor scores for the second-order model after regressing out
age trends by saving studentized residuals.

Genotyping was performed using the Illumina Human610-
Quad BeadChip and HumanOmniExpress BeadChip. Alz-
heimer’s polygenic risk scores were calculated in the same
wayasdescribed for theBrazilian samples.Again,weselected
ap thresholdof0.01 apriori.Neuroimagingwasconductedon
a Phillips 1.0-T superconducting magnet, with T1-weighted
images acquired using the following parameters: three-
dimensional radiofrequency spoiled gradient echo scan with
140–160slices, 1-mmisotropic resolution,TR=25ms,TE=5ms,
and flip angle=30°. Hippocampal volumeswere also estimated
using the MAGeT algorithm. Further information can be
found elsewhere (34).

Statistical Analysis
The analyses for the Brazilian samples were tested using
mixed-effect models to investigate the associations between
Alzheimer’s polygenic risk score (independent variable;
p,0.01 threshold selected a priori) and immediate and
delayedrecall factor scores, readingandwriting factor scores,
executive function factor scores, and hippocampal volumes
(dependent variables). In the ROCFT, reading, and writing
analyses, we included tester and participant’s school as
random variables. Given that ourmain samples were from an
admixed Brazilian population, four of the principal compo-
nents of GWAS were used as covariates in all mixed-model
analyses, as suggested by previous studies (35). All analyses
were adjusted by sampling weights, which adjust for our high
risk selection procedure (28). Dependent (e.g., memory per-
formance) and independent variables (i.e., Alzheimer’s poly-
genic risk score) were standardized to reflect standardized
regression coefficients (b) and to facilitate interpretation.

After the main analysis, we conducted two sets of ex-
ploratory analyses and four sets of sensitivity analyses. Ex-
ploratory analyses included an analysis to assess the best p
threshold for each dependent variable using regression
analysis in PRSice and an analysis assessing whether asso-
ciations vary as a function of the level of polygenic risk score
(i.e., whether participants with high scores would have
disproportionately affected phenotypes).

Sensitivity analyses for significant results included an
analysis specific to Caucasian subjects (N=428); an analysis
investigating associations between outcomes and APOE al-
leles (using the following imputation algorithm: reference
Panel 1000G, phase 3, version 5; phasing: Eagle, version 2.3);
an analysis investigating associations between outcomes and
each SNP composing the polygenic risk score composite
to investigate the biological meaning of the results; and a
generalizability test to investigate whether the results would
replicate in a completely different sample of Canadian ado-
lescents (N=1,029). All analyses in the Canadian sample used
siblinghood as a random variable and used four principal
components of the GWAS as covariates.
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RESULTS

Participants
In comparison with the original Brazilian sample (N=2,512),
individuals who underwent genotyping had a similar mean
age (original sample: mean=124.6 months, SD=23.05; geno-
typed sample: mean=121.2 months, SD=22.31), sex distribu-
tion (original sample: 46.7%female; genotyped sample: 45.9%
female), and IQ (original sample: mean=100.49, SD=16.07;
genotyped sample: mean=101.14, SD=16.27).

Compared with participants in the Brazilian replication
sample, the Brazilian discovery sample had a higher mean
age, a higher percentage of Caucasians, a lower mean family
income, and a higher mean Alzheimer’s polygenic risk score
(Table 1).

Nondeclarative Memory
Analyses showed that for the Brazilian discovery sample, a
one-unit increase in z-score for Alzheimer’s polygenic risk
score predicted a 0.185 z-score decrement in immediate
recall performance (p=0.012) and a 0.282 decrement in
delayed recall performance (p,0.0001). These findingswere
replicated for both analyses in the Brazilian replication
sample (immediate recall:b=20.259, p=0.003; delayed recall:
b=20.232; p=0.008). Univariate analyses also revealed signifi-
cant and replicable associations for both immediate recall
(Brazilian discovery sample: b=20.148, p=0.002; Brazilian rep-
lication sample:b=20.197, p=0.001) and delayed recall (Brazilian
discovery sample:b=20.211, p,0.001; Brazilian replication
sample:b=20.215, p,0.001). Results are depicted inFigure 1.

Exploratory PRSice analyses examining multiple thresh-
olds for the Brazilian total sample revealed maximum ex-
planation of the phenotype variability at threshold p,0.0119
(NSNPs=5,845) for immediate recall (p=0.008) and at
threshold p,0.02025 (NSNPs=8,880) for delayed recall
(p=0.002) (see section 2.2 in the online data supplement). As-
sociations had no differences in effect size across several levels

of Alzheimer’s polygenic risk score in quantile
regressions (see section 2.3 in the data
supplement).

Reading and Writing Abilities
Analyses showed no association between Alz-
heimer’s polygenic risk score and either reading
(b=0.039, p=0.600) or writing scores (b=0.066,
p=0.407) in the Brazilian discovery sample. Of
note, there were significant and replicable as-
sociations in univariate analyses for reading
(discovery sample: b=20.199, p,0.001; repli-
cation sample:b=20.158, p=0.009) andwriting
(discovery sample: b=20.161, p=0.003; repli-
cation sample: b=20.165, p=0.007), whichmay
reflect uncontrolled confounding.

Exploratory PRSice analyses evaluating mul-
tiple thresholds for the Brazilian total sample
showed maximum explanation of the pheno-

type variability at threshold p,0.026 (NSNPs=10,740) for
reading (p=0.013) and writing (p=0.033) (see section 2.2 in
the data supplement). Associations had no differences in
effect size across several levels of Alzheimer’s polygenic
risk score in quantile regressions (see section 2.3 in the data
supplement).

Executive Function
Analyses showed no association between Alzheimer’s poly-
genic risk score and executive function (b=20.002; p=0.979)
for the Brazilian discovery sample. Exploratory PRSice
analyses evaluating multiple thresholds also failed to find
significant associations for other thresholds (see section 2.2
in the data supplement). Associations had no differences in
effect size across several levels of Alzheimer’s polygenic risk
score in quantile regressions (see section 2.3 in the data
supplement). Of note, there were significant and replicable
associations in univariate analyses for executive function
(Brazilian discovery sample: b=20.139, p,0.001; Brazilian
replication sample: b=20.099, p=0.042), which may reflect
uncontrolled confounding.

Hippocampal Volumes
Analyses revealed apositive associationbetweenAlzheimer’s
polygenic risk score and right hippocampal volume (b=0.150,
p=0.045) for the Brazilian discovery sample, which was not
replicated in the Brazilian replication sample (b=20.002,
p=0.982). No association was found for left hippocampal
volume ineither sample (discovery sample:b=0.085,p=0.243;
replication sample: b=0.077, p=0.376).

Exploratory PRSice analyses evaluating multiple thresh-
olds for the Brazilian total sample showed significant as-
sociations for other thresholds, which reached maximum
explanation of the phenotype at risk-score threshold p,0.132
for left hippocampal volume (NSNPs=38,878; p=0.044), with
several other thresholds also explaining statistically signifi-
cant levels of variance. For the right hippocampal volume, a

TABLE 1. Characteristics of the Brazilian Discovery and Replication Samples in a
Study of Polygenic Risk Score for Alzheimer’s Disease

Characteristic
Brazilian Discovery Sample

(N=364)
Brazilian Replication Sample

(N=352)

Mean SD Mean SD

Age (years) 10.26 1.98 9.95 1.73
IQ 100.39 16.56 101.86 15.97
Family income (USD) 890.40 693.30 1223.54 734.10
Alzheimer’s disease
polygenic risk score

0.00156 0.00047 0.00170 0.00041

N % N %

Female 154 46.4 138 39.9
Ethnicity
Caucasian 221 66.7 187 54.0
Black 47 14.2 21 6.1
Multiracial 60 18.2 136 39.3
Indigenous 3 0.9 1 0.3
Asian 0 0.0 1 0.3
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model fit reached maximum explanation at threshold
p,0.1185 (NSNPs=35,863; p=0.009) (see section2.2 in thedata
supplement).

Quantile regressions suggest that both left and right hip-
pocampal volumes exhibited associations with Alzheimer’s
polygenic risk score in participants who had high polygenic

FIGURE 1. Association Between Immediate and Delayed Recall Z-Scores and Polygenic Risk Score for Alzheimer’s Disease in the Brazilian
Discovery and Replication Samplesa
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risk scores (see section 2.3 in the data supplement).We found
negative associations between hippocampal volume and
polygenic risk score in the Brazilian total sample when risk
scorewasabove the82ndpercentile inquantile regressions for
the left hemisphere (b=20.156, 95% CI=20.265,20.013) and
above the 75th percentile for the right hemisphere (b=20.114,
95% CI=20.192, 20.0004) (Figure 2). A joint test comparing
the equality of the slopes also showed significant differences
fromthemedianforboththe82ndpercentile (F=7.004,p=0.008)
and the 75th percentile (F=5.193, p=0.023) for left and right
hippocampal volumes, respectively, which revealed differences
in the slope estimations for median and high polygenic risk
scores. We did not find associations between hippocampal
volumes and cognitive measures (data available on request).

The level of Alzheimer’s polygenic risk score that was
associatedwith lower hippocampal volume differed between
the Brazilian discovery and replication samples. In the dis-
covery sample, significant associations emerged at the
96th percentile for the left hippocampus (b=20.301, 95%
CI=20.434, 20.087) and above the 91st percentile for the
right hippocampus (b=20.319, 95% CI=20.468,20.072). In
the replication sample, however, significantfindings emerged
above the 63rd percentile for the left hippocampus (b=20.127,
95% CI=20.211, 20.005) and above the 59th percentile for
the right hippocampus (b=20.111, 95% CI=20.219, 20.020).

These analyses were extended by examining associations
with hippocampal subregions. The right CA4 and dentate
gyrus were associated with Alzheimer’s polygenic risk score
at the main threshold in both the Brazilian discovery and
replication samples. However, this analysis was performed
post hoc and not defined a priori (see section 2.4 in the data
supplement). Moreover, no other subregions exhibited rep-
licable associationswith theAlzheimer’spolygenic risk score.

Sensitivity Analyses
Brazilian Caucasian subsample. For the Brazilian Caucasian
subsample (N=428), we found significant associations be-
tween Alzheimer’s polygenic risk score and both imme-
diate (b=20.155, p=0.006) and delayed recall (b=20.212,
p=0.0001). We found no association between polygenic risk
score and hippocampal volumes in quantile regressions. Re-
sults were similar for the Brazilian non-Caucasian subsample
(see section 2.1 in the data supplement).

Associations with APOE alleles. We found no association
between APOE alleles and immediate (F=1.919, p=0.091) or
delayed (F=0.984, p=0.427) recall, or either right (F=1.152,
p=0.333) or left (F=1.235, p=0.293) hippocampal volume.
Moreover, associations between Alzheimer’s polygenic risk
score andmemory performance among participants with the
more frequent APOE genotype group (3/3 alleles; N=469)
were also significant for immediate (b=20.181, p=0.006) and
delayed (b=20.253, p,0.001) recall. Thus, our results are
unlikely to be driven solely by the APOE ε4 allele.

Assessing the role of specific SNPs composing the Alzheimer’s
polygenic risk score and the biological significance of the

findings. We found no significant associations between each
individual SNP from the Alzheimer’s polygenic risk score
(p,0.01 threshold) and memory performance or hippo-
campal volumes after correction for multiple comparisons
(p,9.731026). This suggests that aggregate weighted risk
arises from the SNPs included in the score rather than from
specific associations with one or another SNP (see section 5
in the data supplement). The MAGMA software package,
using the IGAP summary statistics for SNPs’ p values and
Reactome as background, found several enriched pathways,
including immunoregulatory interactions between lymphoid
and nonlymphoid cells (R-HSA-198933), VLDL assembly
(R-HSA-8866423), and Netrin-1 signaling (R-HSA-373752).

Canadian sample. In the dot location subtest, associations
fell short of significance for total score (b=20.053, p=0.097)
and long delay score (b=20.059, p=0.065). In the stories
subtest, no association was found for immediate recall
(b=0.002, p=0.947), delayed recall (b=0.040, p=0.220), and
stories recognition (b=0.008, p=0.781). We detected no as-
sociations between Alzheimer’s polygenic risk score and
either right (b=0.047, p=0.127) or left (b=0.025, p=0.464)
hippocampal volume. No significant results were found in
quantile regressions.

DISCUSSION

Polygenic risk score for Alzheimer’s disease was associated
with lower scores in both immediate and delayed recall in
nondeclarative memory tasks in children and adolescents
from two independent samples from Brazil. For the genetic
risk threshold defined a priori, no replicable associations
were found for verbal abilities, executive function, and
hippocampal volumes in the Brazilian sample analyses.
Nevertheless, we found suggestive evidence of associations
with reading, writing, and hippocampal volumes using other
risk thresholds for Alzheimer’s polygenic risk score.Moreover,
we found that the associationbetweenpolygenic risk score and
hippocampal volumes varies with level of polygenic risk score.
In the Canadian sample, associations that fell short of signifi-
cance were observed for total score and long delay score.

Our findings are in agreement with previous studies that
showed an association of Alzheimer’s polygenic risk score
with memory decline (15) and lower hippocampal volume
(2, 16, 29) in adults. Our findings extend previous evidence
showing that these associations also occur in children, long
before the onset of the disease. As in previous studies, these
findings suggest that even classical neurodegenerative diseases
such as Alzheimer’s disease may have neurodevelopmental
roots (4), like other chronic disorders of adults (36). The
possibility of a neurodevelopmental origin creates oppor-
tunities for research onAlzheimer’s disease prevention, risk
detection, and pathogenesis.

Interestingly, associations with memory performance
were shown for every level of Alzheimer’s polygenic risk
score in a linear way. However, similar to some studies
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investigating young adults (29), but unlike others (2, 16), we
found no replicable associations with hippocampal volumes
for the threshold selected a priori. Nevertheless, we did
detect associations when using alternative thresholds and
when considering individuals with a particularly high Alz-
heimer’s polygenic risk score. This may reflect a nonlinear
association with genetic risk for hippocampal volumes,
consistent with previous findings (37). In addition, in the
present study, associations were not accounted for by the
presence of the APOE-ε4 allele or any other particular SNP

allelebut rather appeared to arise fromaggregate genetic risk.
The lack of associations with APOE-ε4 may suggest that the
impact of this allele on the predisposition to Alzheimer’s
disease may be clinically apparent only later in life. It also
raises the hypothesis that the effects from SNPs associated
with Alzheimer’s disease in early life may influence vul-
nerability to APOE effects later in life.

Our significant findings were not generalizable to a third
sample of Canadian adolescents, assessed with a distinct
protocol. The lack of associations found for the Canadian

FIGURE 2. Association Between Left and Right Hippocampal Volumes and Polygenic Risk Score for Alzheimer’s Disease Using Quantile
Regression and LOESS Function Estimations for the Brazilian Total Sample
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sample may reflect multiple factors, including the possibility
that our significant results represent a type I error. Never-
theless, replication in two independent Brazilian samples
studied with identical assessment protocols decreases this
possibility and suggests the need to consider alternative
explanations, including the use of distinct Alzheimer’s
polygenic risk scores for each sample, unique interactions
with genetic background, and specificity to one or another
cognitive test. Other work supports some of these possibil-
ities. Given that African Americans have an increased risk of
developing Alzheimer’s disease (38), the Brazilian admixed
population could have more power to detect influences of
Alzheimer’s polygenic risk score in cognitive functions, as
compared with the Canadian sample. This hypothesis is also
supported by the association found between Alzheimer’s
polygenic risk scorequintiles andethnicity (Caucasian versus
non-Caucasian) (x2=141.023, p,0.001). Furthermore, pre-
vious studies did not show differences in memory perfor-
mance using the Children’s Memory Scale in children with
genetic predisposition to Alzheimer’s disease (39), as op-
posed to theROCFT (19), and therefore the lackof replication
in the Canadian samplemay represent some specificity to the
memory task used in each sample. It is also important to
emphasize that these tasks are not specific to one domain,
which may contribute to the differences found in these
analyses.

Our study has some limitations that need to be addressed.
First, the Alzheimer’s polygenic risk score was generated
based on a Caucasian sample, and the SNPs associated with
Alzheimer’s disease could be different for other ethnicities
and races present in our admixed Brazilian samples. How-
ever, similar results were found for a Brazilian Caucasian
subsample in our sensitivity analyses, which decreases the
likelihood of false positives due to population stratification.
Second, the density of our SNP array (∼250K SNPs) did not
cover several SNPs analyzed in previous Alzheimer’s poly-
genic risk score studies. Nevertheless, this score was able to
successfully predict both cognition and brain volume in in-
dividuals with high genetic risk.

Our findings suggest that Alzheimer’s polygenic risk
score may influence developmental processes underlying
nondeclarative visuoconstructive memory and hippocampal
volume in early life, expanding the understanding of the
influences of SNPs associated with Alzheimer’s disease be-
fore the diagnosis of the disease and providing further
mechanisms for identifying individuals at higher risk of
developing Alzheimer’s disease. Further research is needed
to replicate these findings in other samples and to advance
our understanding of mechanisms linking genetic risk for
Alzheimer’s disease and the development of cognitive
functions.
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