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ABSTRACT

Objective: To investigate the association between a genetic risk score (GRS) and familial late-onset
Alzheimer disease (LOAD) and its predictive value in families multiply affected by the disease.

Methods: Using data from the National Institute on Aging Genetics Initiative for Late-Onset
Alzheimer Disease (National Institute on Aging–Late-Onset Alzheimer’s Disease Family Study),
mixed regression models tested the association of familial LOAD with a GRS based on single
nucleotide polymorphisms (SNPs) previously associated with LOAD. We modeled associations
using unweighted and weighted scores with estimates derived from the literature. In secondary
models, we adjusted subsequent models for presence of theAPOE e4 allele and further tested the
interaction between APOE e4 and the GRS. We constructed a similar GRS in a cohort of Carib-
bean Hispanic families multiply affected by LOAD by selecting the SNP with the strongest p value
within the same regions.

Results: In the NIA-LOAD families, the GRS was significantly associated with LOAD (odds ratio
[OR] 1.29; 95% confidence interval 1.21–1.37). The results did not change after adjusting for
APOE e4. In Caribbean Hispanic families, the GRS also significantly predicted LOAD (OR 1.73;
1.57–1.93). Higher scores were associated with lower age at onset in both cohorts.

Conclusions: High GRS increases the risk of familial LOAD and lowers the age at onset, regardless
of ethnic group. Neurology® 2017;88:1180–1186

GLOSSARY
AAO 5 age at onset; AD 5 Alzheimer disease; ADC 5 Alzheimer Disease Center; AUC 5 area under the receiver operating
characteristic curve; CI 5 confidence interval; EFIGA 5 Estudio Familiar de Influencia Genetica en Alzheimer; IGAP 5
International Genomics of Alzheimer’s Project; LOAD 5 late-onset Alzheimer disease; GRS 5 genetic risk score; GWAS 5
genome-wide association study; MCI 5 mild cognitive impairment; NIA-LOAD 5 National Institute on Aging–Late-Onset
Alzheimer’s Disease Family Study; NINDS-ADRDA 5 Neurological and Communicative Disorders and Stroke–Alzheimer’s
Disease and Related Disorders Association; OR 5 odds ratio; ROC 5 receiver operating characteristic; SNP 5 single
nucleotide polymorphism.

Late-onset Alzheimer disease (LOAD) is the leading cause of dementia in the elderly.1 The most
important genetic risk factor is the APOE e4 allele (attributable risk 20%2) but more than half of
affected individuals do not carry this high-risk allele. Between 2009 and 2011, 9 risk loci were
identified (CLU, PICALM, CR1, and BIN1, MS4A4A/MS4A4E/MS4A6E cluster, ABCA7,
CD2AP, CD33, and EPHA1),3–7 and in 2013, 12 additional novel risk loci were found in a large
genome-wide association study (GWAS) performed by the International Genomics of
Alzheimer’s Project (IGAP).8 Of note, CD33 and DSG2 were not replicated in stage II analysis.
However, the effect sizes associated with these variants were small (odds ratios [ORs] ranged
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between 1.1 and 1.3), suggesting that a large
part of the genetic component of LOAD re-
mains unexplained.9

Polygenic risk scores (genetic risk scores
[GRS]) represent an alternative strategy to sum-
marize sparse genetic information and identify
genetic risk profiles. An international case-
control study with unrelated individuals10 con-
firmed that LOAD is enriched with a polygenic
component, although sensitivity–specificity
assessment showed limited disease prediction
accuracy. The best area under the receiver
operating characteristic (ROC) curve (AUC of
78%) was reached only when the model
included APOE, sex, and age as predictors in
addition to various GRS constructs. Similar
results were found in the Flanders-Belgian Alz-
heimer disease (AD) study,11 which showed
that GRS increased the risk of AD (OR 2.3)
and was inversely associated with CSF Ab1-42
and age at onset. Nevertheless, this study also
confirmed the limited prediction accuracy, re-
porting a similar moderate AUC (i.e., 70%).
An identical approach was used to study inci-
dent LOAD in a large sample of non-Hispanic
white participants.12 The GRS was associated
with a higher LOAD risk (particularly in par-
ticipants with the APOE e4 allele) and risk

prediction after 7 years of follow-up showed
a small improvement when the GRS was added
to common risk factors such as age, sex, APOE
e4, and education. The value of GRS was also
tested in 4 samples of participants diagnosed
with mild cognitive impairment (MCI)13: the
GRS was found not associated with higher con-
version from MCI to LOAD, and did not
interact with any of the known risk factors
(age, sex, APOE e4 allele).

These investigations imply that sporadic
LOAD is characterized by a significant poly-
genic component. The GRS has never been
investigated in familial LOAD or in other eth-
nic groups with familial LOAD. Thus, we will
also test the significance of a GRS in a sample
of Caribbean Hispanic families by employing
the same set of loci used in the non-
Hispanic white participants.

METHODS Study samples. In 2003, the National Institute

on Aging–Late-Onset Alzheimer’s Disease Family Study (NIA-

LOAD) began to recruit families containing multiple individuals

with LOAD at participating Alzheimer Disease Centers (ADCs)

in the United States. Selection criteria included (1) a proband

who received a diagnosis of definite or probable LOAD with age

at onset of at least 60 years; (2) a full sibling with definite,

probable, or possible LOAD with age at onset after 60 years; (3)

a related family member (first-, second-, or third-degree relative)

of the affected sibling pair and 60 years or older if unaffected, or

50 years or older if diagnosed with LOAD or MCI. Unaffected

elderly individuals were included if documented cognitive testing

and clinical examination confirmed the clinical designation. For

participants who could not complete a detailed in-person

evaluation, either because they had advanced disease or were

living in a remote location, the site investigator conducted

a detailed review of medical records to document the presence

or absence of LOAD. The sample also included unrelated

individuals; however, all cases had a family history of AD

according to the study protocol inclusion criteria.

The Estudio Familiar de Influencia Genetica en Alzheimer

(EFIGA) study was employed as a replication study. Similar to

NIA-LOAD, this study recruited patients from families multiply

affected by LOAD, but of Caribbean Hispanic ancestry from the

Dominican Republic and New York. Families were recruited after

confirming diagnoses in the probands. Family members with

dementia were also interviewed and neurologically evaluated.

Clinical diagnoses were made in a consensus diagnostic confer-

ence by a panel of neurologists, neuropsychologists, and psychia-

trists. Detailed description is available elsewhere.14

For these family-based studies, we included data from families

for which their members (1) were 60 years or older at the time of

enrollment; (2) had a diagnosis of probable or possible LOAD ac-

cording to National Institute of Neurological and Communica-

tive Disorders and Stroke–Alzheimer’s Disease and Related

Disorders Association (NINDS-ADRDA) criteria; (3) had avail-

able pedigree information and covariates.

Standard protocol approvals, registrations, and patient
consents. Written informed consent was obtained from all

Table 1 Clinical characteristics of National Institute on Aging–Late-Onset
Alzheimer’s Disease Family Study (NIA-LOAD) families

NIA-LOAD dataset Values

No. 4,792

Median size of families (IQR) 4 (3)

Female, n (%) 2,974 (62)

Age at last evaluation (unaffected), y, mean (SD) 74.7 (9)

Age at onset (cases), y, mean (SD) 73.4 (7)

APOE e4 allele, n (%) 2,637 (55)

LOAD, n (%) 2,128 (44)

EFIGA dataset

No. 3,324

Median size of families (IQR) 4 (4)

Female, n (%) 2,188 (66)

Age at last evaluation (unaffected), y, mean (SD) 69.8 (7)

Age at onset (cases), y, mean (SD) 78.2 (8)

APOE e4 allele, n (%) 1,417 (43)

LOAD, n (%) 2,155 (65)

Abbreviations: EFIGA 5 Estudio Familiar de Influencia Genetica en Alzheimer; IQR 5 inter-
quartile range; LOAD 5 late-onset Alzheimer disease.
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participants (or caregivers in case the individual was deemed inca-

pable of consent) using procedures approved by institutional

review boards at each of the clinical research centers. Recruitment

for each study was approved by the institutional review board of

the Columbia University Medical Center and the Bioethics

National Committee for Research in the Dominican Republic

(for EFIGA participants).

Outcomes. Primary outcomes of the study were clinically diag-

nosed probable or possible LOAD based on NINDS-ADRDA

criteria.15 As a secondary outcome, we explored age at onset

(AAO) of LOAD, restricting the analyses to affected individuals

only.

Statistical methods. NIA-LOAD families. For non-Hispanic

white participants, we computed the GRS for LOAD based on

the genome-wide significant single nucleotide polymorphisms

(SNPs) other than APOE, reported from the IGAP meta-analysis.8

Participants from the NIA-LOAD study were part of the IGAP

meta-analysis, although the contribution consisted of a single

individual from each family. For full description of genotype array,

quality control, and imputation methods, see Wijsman et al.16 For

each individual, we used 2 established approaches to calculate the

GRS.17 First, the imputed probabilities of susceptibility risk alleles

(ranging from 0 to 2) were summed (unweighted GRS). We then

constructed a second GRS (weighted GRS) by multiplying each

imputed probability by the b coefficient derived from the IGAP

meta-analysis.8 In this way, we weighted each SNP by the expected

effects on LOAD. The GRS was also recomputed in a conservative

approach excluding the CD33 and DSG2 variants, because the

relevant SNPs were not replicated in the second-stage analyses. We

applied a rank invariant normal transformation to all GRS. A full

description of SNPs and ORs used to derive the GRS is given in

table e-1 at Neurology.org.

EFIGA families. For Caribbean Hispanic families, we mod-

ified the approach for selecting the SNPs to be included in the

GRS. This was justified based on the expected differences

in minor allele frequency, unavailability of some SNPs due to

imputation limits, and the inability to apply the IGAP coefficients

previously estimated in a white, non-Hispanic meta-analysis. A

univariate mixed model was employed to test the association

between each SNP lying within the 20 IGAP genes and LOAD,

adjusting for sex and age as fixed effects, and the kinship matrix as

random effect. Only SNPs with an observed minor allele frequency

.1% were included in the analyses. In addition, we selected only

high-quality imputed SNPs (R2 $ 0.8) and added a 100 kb

flanking region at either end of each locus, in order to cover

potential regulatory regions and to account for different linkage

disequilibrium patterns expected across different ethnic groups.

Analyses were conducted employing the GEMMA software18 for

the mixed model estimations; because of the admixed nature of the

Caribbean Hispanic population, the kinship matrix was estimated

through REAP software,19 which leverages the global admixture

measures for each individual. A full description of the cohort can be

found elsewhere14; detailed procedures are shown in appendix e-1

and figure e-1.

A single SNP within each locus was then selected, based on

the strongest p value obtained by the above described mixed

model, and its imputed probability was summed across the 20

loci as described previously. Therefore, the GRS for Caribbean

Hispanics was constructed through an additive method, contrary

to what has been done for non-Hispanic white participants,

which received both additive and weighted GRS constructs.

We then applied a rank invariant normal transformation20 as

implemented in the GenAbel R package to all GRS scores; the

resulting distribution was then used in all subsequent analyses.

The list of SNPs used to derive the GRS is given in table e-2.

The association between the GRS and LOAD was studied in

separate age- and sex-adjusted generalized mixed logistic regres-

sion models that included the ascertainment site (ADC center)

as well as the family as random effects to adjust for possible center

variability and intrafamilial correlations (model 1). Secondary

models included the presence of at least 1 APOE e4 allele as an

Figure 1 Polygenic risk scores (GRS) in the National Institute on Aging–Late-
Onset Alzheimer’s Disease Family Study (NIA-LOAD) and Estudio
Familiar de Influencia Genetica en Alzheimer (EFIGA)

Distribution of the GRS in the NIA-LOAD (A) and EFIGA (B) datasets.
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additional covariate (model 2). A third statistical model explored the

interaction between the GRS and the APOE e4 allele (model 3). For

AAO analyses, we employed a linear mixed model with an identical

covariate-adjustment strategy, restricting the analyses to cases only.

ORs were computed for each model, and represent the

increased risk of LOAD per SD increase of GRS. We also calcu-

lated sensitivity, specificity, and AUC by comparing the observed

LOAD affected-unaffected status and the predicted probability

estimated by employing a nonparametric analysis of clustered

ROC curves21 in in R 3.0 (cran.org), with each cluster identified

as a family pedigree. The AUC reflects the ability of the score to

classify correctly those with and without the disease. A cutoff of

80% was considered a good to excellent grade for the selected test.

RESULTS A full description of NIA-LOAD and
EFIGA individuals is reported in table 1. A total of
4,792 NIA-LOAD individuals were included, 44%
of those affected (73.4 cases’ age at onset vs 74.7 age
at last evaluation for the unaffected individuals). A
total of 3,324 participants were included from the
EFIGA study, 65% affected; the age distribution in
the EFIGA family significantly differed between cases
and controls (78.2 vs 69.8, respectively, p , 0.01).
Distribution of the GRS for the NIA-LOAD and
EFIGA study can be found in figure 1.

Generalized mixed models. For NIA-LOAD families,
the unweighted GRS conferred greater risk of LOAD
(OR 1.29; 95% confidence interval [CI] 1.21–1.37).
The weighted GRS also conferred increased risk of
LOAD (OR 1.29; 95% CI 1.21–1.37) (model 1;
table 2). Figure 2 graphically represents the effect
sizes (and 95% CI) obtained from the mixed model
for each SNP and the corresponding weighting log OR
derived from the IGAP meta-analysis. The resulting
effect size for the GRS is also depicted as a solid red
line (plot created using the gtx R package
(cran.r-project.org/web/packages/gtx). As expected,
presence of an APOE e4 allele was significantly
associated with LOAD risk (OR 4.87, 95% CI 4.
22–5.63). However, the risk of LOAD was similar
after adjusting for the presence of an APOE e4 allele
(table 2, model 2), and there was no evidence of
statistical interaction between the GRS and APOE e4
allele (table 2, model 3). In both APOE e4 allele
carriers and noncarriers, GRS showed similar
association with LOAD.

GRS was significantly associated with AAO in
cases: for each SD increase, AAO was ;8 months
lower (b 20.70, SE 0.15, p , 0.001).

In the Caribbean Hispanic families, the GRS
increased the risk of LOAD, before and after APOE
e4 adjustment (OR 1.73, 95% CI 1.57–1.93; OR
1.71, 95%CI 1.55–1.90, respectively) (table 2, models
1 and 2). The presence of an APOE e4 allele increased
the risk of LOAD (OR 2.0, 95% CI 1.7–2.49). Again,
there was no evidence of statistical interaction between
the GRS and APOE e4 allele (table 2, model 3). Results
from the logistic mixed model for each SNP included
in the EFIGA GRS can be found in table e-2 and
appendix e-2. Among all the selected SNPs, the best
association was observed for rs1742703, which lies
within the SLC24A4-RIN3 region (p 5 1 3 1026).
An example of a family included in the sample, with
corresponding GRS scores across the pedigree, can be
found in figure e-2.

In EFIGA participants, each SD of the GRS score
again lowered AAO;10 months (b20.86 SE 0.22,
p , 0.001).

Clustered ROC curve. None of the GRS constructs in
NIA-LOAD showed a good or excellent AUC result
(figure e-3). The greatest AUC was observed with
the weighted GRS (AUC 57%, asymptotic 95% CI
55%–59%); similar results were obtained in the
EFIGA study (AUC 59%, 95% CI 57%–61%).

DISCUSSION The current investigation confirmed
a polygenic component in familial LOAD by demon-
strating statistically significant effects in families mul-
tiply affected by LOAD. In the NIA-LOAD families,
non-Hispanic whites of European and North
American ancestry, the GRS score was found to

Table 2 Results from the generalized mixed models for National Institute on
Aging–Late-Onset Alzheimer’s Disease Family Study and Estudio
Familiar de Influencia Genetica en Alzheimer families

OR 95% CI p Value

Non-Hispanic whites

Age, sex (model 1)

GRS 1.29 1.21–1.37 ,0.001a

GRS_cons 1.28 1.20–1.37 ,0.001a

GRS_cons_weighted 1.29 1.21–1.37 ,0.001a

Age, sex, APOE e4 (model 2)

GRS 1.29 1.21–1.38 ,0.001a

GRS_cons 1.28 1.20–1.37 ,0.001a

GRS_cons_weighted 1.31 1.23–1.40 ,0.001a

APOE e4 interaction analyses (model 3)

GRS_weighted* APOE e4 1.06 0.93–1.21 0.36

Caribbean Hispanics

Age, sex (model 1)

GRS 1.73 1.57–1.93 ,0.001a

GRS_cons 1.70 1.54–1.88 ,0.001a

Age, sex, APOE e4 (model 2)

GRS 1.71 1.55–1.90 ,0.001a

GRS_cons 1.67 1.52–1.86 ,0.001a

APOE e4 interaction analyses (model 3)

GRS_weighted* APOE e4 1.15 0.95–1.40 0.15

Abbreviations: CI 5 confidence interval; GRS 5 genetic risk scores; GRS_cons 5 conserva-
tive genetic risk scores; GRS_cons_weighted 5 conservative weighted genetic risk scores;
OR 5 odds ratio.
a Significant.
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increase the risk of LOAD independently of the risk
derived from having at least one copy of the APOE
e4 allele. The ORs in our models were similar to
those previously reported in case-control studies.10,11

No interaction was found between the GRS and the
APOE e4 allele. We also demonstrated an effect of the
polygenic component on age at onset, finding that
individuals with higher genetic burden (represented
by a higher GRS) had a lower age at onset of the
disease. Despite the differences between the 2
GRSs, which prevent the possibility of comparing
the effect sizes between 2 ethnic groups (mostly due
to the different set of variants employed), we noticed
their relative importance as compared to the APOE e4
effect: in the non-Hispanic whites, the latter showed
a ;3-fold times the GRS OR; in the Caribbean
Hispanics, the disparity was attenuated.

We previously confirmed the association between
single variants lying within the IGAP genes and
LOAD in Caribbean Hispanic families.14 In fact,
for the CELF1, FERMT2, RIN3, and CD33 genes,
the same SNP reported in the IGAP meta-analysis
was also nominally significant in the Caribbean His-
panic GWAS.14 For the GRS construction, we chose

the SNP most strongly associated with LOAD from
the IGAP genes. Due to the limitations of imputa-
tion, several IGAP variants did not pass quality con-
trol. In addition, there was the expected variation in
allele frequency across ethnic groups. Nevertheless,
this modified GRS further confirmed an association
with LOAD and AAO, ultimately indicating that
a common multigenic profile is present in LOAD
across ethnic groups.

Finally, the GRS showed little predictive ability as
demonstrated by the low AUC reported. This finding
is consistent with the previous investigations using
unrelated cases and controls10,11 where, albeit with
higher scores, GRSs achieved AUCs,80%, i.e., poor
or fair grades.

Further investigations will be required when high-
throughput sequence data become available for these
large cohorts. In fact, several studies have suggested
that signals identified by GWAS signals tag or show
synthetic association22 with other variants, i.e., genes
containing common variants with modest effects on
complex traits (as is the case of LOAD) may also
contain rare variants (i.e., those that occur in less than
1% of the world’s population) with larger effects.23

Figure 2 National Institute on Aging–Late-Onset Alzheimer’s Disease Family Study (NIA-LOAD) polygenic risk score (GRS) and its weighting
coefficients

Construction of the NIA-LOAD polygenic risk score. Each single nucleotide polymorphism is plotted by the weighting coefficient extracted from the Inter-
national Genomics of Alzheimer’s Project analysis (x axis) vs the estimated effect size (and 95% confidence interval [CI] depicted by vertical gray lines)
obtained by the mixed model (y axis). The solid red line indicates the effect size estimate for the GRS on late-onset Alzheimer disease (dotted lines represent
the 95% CI). SLC24A4, ZCWPW1, and PTK2B share the same position on the graph, and for graphic clarity are not labeled.
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We previously reported a ;3-fold enrichment of
nonsynonymous mutations in non-Hispanic whites
with LOAD as compared to healthy controls and
mutation significantly associated with LOAD in
ABCA7, CD2AP, EPHA1, and BIN1, all loci identi-
fied by previous GWAS.24 Our and other groups also
identified rare variants associated with the disease in
loci indicated by large GWAS: SORL1,25 ABCA7.26

This overlap between GWAS and sequencing studies’
findings has been validated in conditions other than
LOAD.27 On the other side, it has to be noted that for
several loci prioritized by GWAS in LOAD and other
diseases,28–30 lukewarm evidence of disease-associated
rare variants has been provided so far by sequencing
studies. This could be due to methodologic issues
(i.e., sample size) or mechanisms other than single-
variant causative association, such as epistasis or poly-
genic contribution to the conditions. GWAS findings
are based on statistical significance, which is very dif-
ferent from good prediction (as further proved by our
ROC curves). In fact, higher significance does not
imply stronger predictivity and highly predictive var-
iables do not necessarily appear as highly significant.31

One of the possible explanations relies on the fact that
variables may be significantly associated with the out-
come simply for a small group of individuals in the
population, thereby leading to poor prediction on the
population. This is even more true for rare variants
and ultimately might explain the discussed disconnec-
tion between lack of significant rare variants within
GWAS signals. Rare genetic variants may be dispro-
portionately important (although not significant
genome-wide) and might improve GRS construction
and its prediction accuracy.

This study has limitations. The GRS for the non-
Hispanic whites was constructed with loci derived
from the IGAP meta-analysis, which included the
NIA-LOAD study. Nevertheless, the IGAP study on-
ly included one individual per family, whereas we
included all individuals per family passing the inclu-
sion criteria. In addition, we added families not orig-
inally included in the IGAP study. Second, the SNPs
selected for the EFIGA study were based on analyses
performed on the same cohort. Nevertheless, the
selection of the loci came from a completely indepen-
dent study (i.e., IGAP meta-analysis) and thus the
positive results within this diverse ethnic group serve
as an additional validation of the existence of a poly-
genic component across populations. Third, the stud-
ies included in this study differ greatly. Compared to
the NIA-LOAD study, the age distribution between
affected and unaffected individuals in the EFIGA
study was greater. However, these differences did
not affect the outcome.

Identifying individuals with high risk of develop-
ing the disease based on their genetic profile would

benefit clinical trial enrollment as well as precision
medicine for personalized drug development.
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