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ABSTRACT

Objective: Several genome-wide association studies (GWAS) have associated variants in lateonset Alzheimer disease (LOAD) susceptibility genes; however, these single nucleotide polymorphisms (SNPs) have very modest effects, suggesting that single SNP approaches may be
inadequate to identify genetic risks. An alternative approach is the use of multilocus genotype
patterns (MLGPs) that combine SNPs at different susceptibility genes.
Methods: Using data from 1,365 subjects in the National Institute on Aging Late-Onset Alzheimer’s Disease Family Study, we conducted a family-based association study in which we tabulated MLGPs for SNPs at CR1, BIN1, CLU, PICALM, and APOE. We used generalized estimating
equations to model episodic memory as the dependent endophenotype of LOAD and the MLGPs
as predictors while adjusting for sex, age, and education.

Results: Several genotype patterns influenced episodic memory performance. A pattern that included PICALM and CLU was the strongest genotypic profile for lower memory performance (␤ ⫽
⫺0.32, SE ⫽ 0.19, p ⫽ 0.021). The effect was stronger after addition of APOE (p ⫽ 0.016). Two
additional patterns involving PICALM, CR1, and APOE and another pattern involving PICALM,
BIN1, and APOE were also associated with significantly poorer memory performance (␤ ⫽ ⫺0.44,
SE ⫽ 0.09, p ⫽ 0.009 and ␤ ⫽ ⫺0.29, SE ⫽ 0.07, p ⫽ 0.012) even after exclusion of patients
with LOAD. We also identified genotype pattern involving variants in PICALM, CLU, and APOE as
a predictor of better memory performance (␤ ⫽ 0.26, SE ⫽ 0.10, p ⫽ 0.010).

Conclusions: MLGPs provide an alternative analytical approach to predict an individual’s genetic
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risk for episodic memory performance, a surrogate indicator of LOAD. Identifying genotypic patterns contributing to the decline of an individual’s cognitive performance may be a critical step
along the road to preclinical detection of Alzheimer disease. Neurology® 2012;78:1464–1471
GLOSSARY
AD ⫽ Alzheimer disease; GWAS ⫽ genome-wide association; LOAD ⫽ late-onset Alzheimer disease; MLGP ⫽ multilocus genotype
pattern; NIA-LOAD ⫽ National Institute on Aging Late-Onset Alzheimer’s Disease; SNP ⫽ single nucleotide polymorphism.

Recent genome-wide association (GWAS) studies have associated susceptibility variants with
late-onset Alzheimer disease (LOAD). However, the reported effect sizes are small, suggesting
that additional genes contributing to the overall risk remain to be identified.
Most analytic approaches use single marker association analysis; however, empirical evidence
from model organisms1 and human studies2 suggests that interactions among loci broadly
contribute to complex traits.3 Because of the large number of single nucleotide polymorphisms
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(SNPs) implicated in GWAS, many of the
multilocus methods previously proposed are
not suitable, and two-step approaches4,5 are
more appropriate.
We used a multilocus analysis approach to
evaluate the association between LOAD genetic variants and episodic memory. We studied the effects of SNPs at different LOAD risk
genes6 – 8: the complement component (3b/4b)
receptor 1 (CR1), phosphatidylinositol-binding
clathrin assembly protein (PICALM), clusterin
(CLU), bridging integrator 1 (BIN1), and
APOE. We followed a two-step multilocus
approach proposed previously9 and epistatic
interaction effects, so we could identify
disease-associated SNPs contributing to disease through their interaction effects rather
than by the single locus direct effects.
We used episodic memory as a quantitative
endophenotype. The list of valuable LOAD
endophenotypes is increasing, from age at onset to biomarkers such as CSF ␤-amyloid or
CSF tau levels10,11 and cognitive,12 neuroimaging,13 and neuropathologic traits.14
We aimed to investigate whether multilocus
genotype patterns (MLGPs), based on variants
consistently associated with LOAD susceptibility loci, influence an individual’s cognitive performance. We postulate that MLGPs may be a
powerful method to identify individuals at
higher risk of cognitive decline.
METHODS Study participants. The study participants
were from National Institute on Aging Late-Onset Alzheimer’s
Disease (NIA-LOAD) Family Study as well as the National Cell
Repository for Alzheimer’s Disease and included patients with
LOAD and healthy control subjects without dementia. A detailed description of the sample was described elsewhere.15 For
the present analyses, all subjects had completed a standardized
cognitive battery and clinical examination for clinical diagnoses.
To minimize the risk of population stratification, the analysis
was restricted to European subjects. The final dataset consisted
of 1,365 subjects, including 337 subjects with LOAD (301 familial and 36 nonfamilial after a failed attempt to recruit additional family members) and 1,028 unaffected subjects (502
familial and 526 from a control series).

Clinical evaluation. Clinical classification of LOAD was
based on the guidelines of the joint working group of the National Institute of Neurological and Communicative Disorders
and Stroke⫺Alzheimer’s Disease and Related Disorders Association.16 These require a history of cognitive decline and impairment in at least 2 cognitive domains, one of which must be
memory to meet Alzheimer disease (AD) criteria.16 In a subset of
persons who could not be examined directly, clinical classification

was based on a detailed review of medical records. The age at onset
for LOAD was the age at which the family first reported cognitive
complaints. For unaffected subjects, we used their age at the time of
their examination confirming the absence of dementia.

Cognitive assessment: episodic memory factor. Cognitive function was measured with a battery described previously.17
Two measures of episodic memory were included: immediate
and delayed recall of Story A from the Wechsler Memory Scale⫺
Revised.18 Using results from a previous factor analysis, the 2 tests
were summarized as a composite domain, episodic memory. Raw
scores on both tests were converted to z scores using the mean
and SD derived from the subset of unaffected subjects from the
control series. Episodic memory was computed as the average of
the standardized individual cognitive tests as described previously.19 As z scores, the composite measure will quantify how the
observed episodic memory values deviated above or below the
average value.
Standard protocol approvals, registrations, and patient
consents. Informed consent for the study was obtained for all
participants. Recruitment for the NIA-LOAD study was approved by the relevant institutional review boards of the participating centers. The study was conducted according to the
principles expressed in the Declaration of Helsinki.

GWAS candidate genes selected for multilocus approach. The
analysis includes the genetic variants identified by the largest
GWAS for LOAD to date, specifically CLU (rs11136000), CR1
(rs6656401), PICALM (rs3851179), and BIN1 (rs744773). In
addition, based on its major role as a genetic risk factor for
LOAD and also because of its association with cognitive performance,12 we included the APOE gene. The genomic characteristics of the SNPs are shown in table e-1 on the Neurology® Web site
at www.neurology.org. Genotypes at the CR1 locus were imputed
in a sample of 1,877 unrelated individuals using European HapMap
samples y as a reference panel.
Genome-wide genotyping. Direct genotyping of the selected loci was done at the Center for Inherited Disease Research
(http://www.cidr.jhmi.edu) using the Illumina Infinium II assay
protocol with hybridization to Illumina Human610Quadv1_B
BeadChips (Illumina, San Diego, CA). Genotyping of APOE
polymorphisms (based on SNPs rs7412 and rs429358) for all
samples was performed at Prevention Genetics (http://www.
preventiongenetics.com). All of the SNPs used in the present
analysis have successfully passed the standard quality assessment as described previously.15

Statistical analysis. Episodic memory performance. The effects of age and education on episodic performance in unrelated
individuals were assessed using Pearson correlation tests as implemented in SPSS software (PASW Statistics 18 Inc., Chicago, IL).
Individuals who did not complete cognitive testing were not included in the analysis (deceased individuals or patients with AD for
whom the severity of dementia prevented them from being tested).
Single marker SNP association analysis with dichotomous LOAD phenotype. For each of the SNPs, genetic association with the presence or absence of LOAD was evaluated using
a logistic regression analysis. Age, sex, education, and family
membership were modeled as covariates.
Single marker SNP association analysis with continuous
memory endophenotype. Individual SNPs associations with
memory performance were assessed using generalized estimating
equations to adjust for the relatedness of the participants by
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treating family membership as a cluster. All multivariate analyses
were adjusted for age, sex, and education.
MLGPs quantitative association analysis. MLGPs were
constructed using the SNP genotypes at the different genes, CR1
(rs6656401), PICALM (rs3851179), BIN1 (rs744773), CLU
(rs11136000), and APOE. For a given dataset, the number of
potential genotype patterns is 3m, m being the number of
SNPs. Thus, a genotype pattern at 2 different loci leads to a
maximum number of 9 genotype patterns. Because some patterns may not occur in the dataset, we established a frequency
threshold ⬎1% to define common MLGPs. Genotypes at the
APOE locus were recoded into 3 categories after exclusion of
heterozygous individuals ⑀2⑀4: 1) having at least one copy of
⑀2, 2) homozygotes ⑀3⑀3, and 3) having at least one copy of
⑀4 allele.
The episodic memory factor was used as the dependent
variable, the specific MLGP as a predictor variable, and age,
sex, and education as covariates. Because the episodic memory distribution in LOAD does not fit a normal distribution,
analyses were repeated using cognitively normal individuals
only. Statistical analysis were performed using SPSS software
(PASW Statistics 18, Inc.) and PLINK.20 Analyses were performed initially in unaffected subjects and subsequently using
all subjects in the cohort.
Power estimation for family data. To perform power calculations in the familial fraction of the NIA-LOAD cohort, we
used PBAT software.21 Power was computed by modeling a family design consisting of 764 extended pedigrees with 3 offspring
per family and one of the parents available. We assumed an additive mode of inheritance, 3 different values of disease allele frequency (0.05, 0.10, and 0.15), and 5 different heritability values
(0.010, 0.0125, 0.015, 0.0175, and 0.02). The analysis indicated that the maximum power of 0.945 to detect associations
between SNPs and episodic memory performance occurs
when we considered a trait heritability of 0.02 and a disease
allele frequency of 15%. However, statistical power is still
high when both heritability and disease allele frequency are
lower (power ⫽ 0.81 for heritability of 0.015 and disease
allele frequency of 10%).
Experiment-wise significance. We initially performed a linear regression analysis modeling episodic memory as the dependent variable and sex, age, and education as predictor variables.
The residuals of the model were used as quantitative trait for
randomization analysis. Subsequently, we assessed the
experiment-wise significance level associated with the identified
MLGPs by performing random permutations (20,000) of unrelated individuals as implemented in the Randompat program
(http://linkage.rockefeller.edu/ott/randompat.html).4,9

Patients with LOAD
were, on average, 4 years older than unaffected participants (76.2 [SD ⫽ 7.5] vs 71.8 [SD ⫽ 9.7]) and
had, on average, 2 fewer years of education (13.1
[SD ⫽ 3.0] vs 14.9 [SD ⫽ 3.0]). No differences in
sex were found. Demographic characteristics of the
participants are detailed in table 1.

RESULTS Demographics.

Episodic memory score. Among the unaffected partic-

ipants, better memory performance was associated
with younger age (r ⫽ ⫺0.18, p ⬍ 0.001) and more
education (r ⫽ 0.26, p ⬍ 0.001). Compared with
unaffected participants, episodic memory perfor1466
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Table 1

Characteristics of the
study participants

Characteristic

Value

AD cases, n (%)

337 (20.3)

Familial AD cases, n (%)

301 (89.3)

Nonfamilial AD cases, n (%)

36 (10.7)

Unaffected subjects, n (%)

1028 (61.9)

Familial unaffected subjects, n (%)

502 (48.8)

Population controls, n (%)

526 (51.2)

Proportion of women among AD cases, %

59.6a

Proportion of women among unaffected
subjects, %

60.2

Age of onset of AD, y, average (SD)

76.2 (7.5)a

Age of unaffected subjects, y, average (SD)

71.8 (9.7)

Education of patients with AD, y, mean (SD)

13.1 (3.0)a

Education of unaffected subjects, y, mean
(SD)

14.9 (3.0)

Patients with AD with at least 1 copy of
APOE-⑀4, n (%)

226 (68)a

Unaffected subjects with at least 1 copy of
APOE-⑀4, n (%)

349 (35)

Abbreviation: AD ⫽ Alzheimer disease.
a
Significant difference between patients with AD and control subjects for that variable.

mance was significantly lower among patients with
LOAD (mean ⫽ ⫺0.16, SD ⫽ 0.98).
Single SNP association with LOAD phenotype. We

found significant associations with APOE_⑀4
(experiment-wise significant p value of 10 –13),
APOE_⑀2 (nominally significant p value of 0.004),
and the SNP marker at the PICALM gene (nominally significant p value of 0.039). Results of the single SNP test of association with the LOAD
phenotype are summarized in table 2.
Single SNP and MLGP association with episodic
memory. Single marker SNP tests of association with

episodic memory performance after exclusion of patients with LOAD from the analysis were evaluated.
Tested individually, none of the SNPs were associated with episodic memory performance (table 3).
After evaluation of genotype patterns for each of the
SNPs and the APOE locus (defined as 1 or 2 copies
of ⑀4 allele), genotype pattern PICALM-GG_⑀4 resulted in the smallest point-wise p value (␤ ⫽ ⫺0.23,
SE ⫽ 0.09, p ⫽ 0.007). Two additional patterns at
CR1 and BIN1, CR1-GG_⑀4 (␤ ⫽ ⫺0.28, SE ⫽
0.12, p ⫽ 0.015), and BIN1-TT_⑀4 (␤ ⫽ ⫺0.18,
SE ⫽ 0.08, p ⫽ 0.02), also showed a significant association with lower episodic memory.
We selected the MLGP with the strongest effect
(PICALM-GG_APOE-⑀4) and tabulated the genotype patterns resulting from the addition of each of
the other loci (CR1, BIN1, and CLU) in the unaf-

Table 2

Single SNP association with
LOAD phenotype
n

B

SE

p Value

CR1
(rs6656401)
AA

27

⫺1.26

0.83

0.128

AG

203

0.01

0.43

0.985

GG

418

0.27

0.41

0.514

BIN1
(rs744373)
GG

120

⫺0.16

0.25

0.528

GT

523

0.25

0.16

0.118

TT

640

⫺0.18

0.16

0.246

CC

462

⫺0.30

0.16

0.062

CT

630

0.24

0.16

0.132

TT

190

0.10

0.23

0.650

184

0.51

0.25

0.039a

CLU
(rs111360000)

PICALM
(rs3851179)
AA
AG

577

⫺0.06

0.16

0.688

GG

521

⫺0.17

0.16

0.301

Any ⑀2

118

⫺1.05

0.37

0.004a

Any ⑀4

530

⫺1.31

0.18

1 ⫻ 10⫺13b

APOE

Abbreviations: LOAD ⫽ late-onset Alzheimer disease;
SNP ⫽ single nucleotide polymorphism.
a
Nominally significant difference between patients with
AD and control subjects.
b
Experiment-wise significant difference between patients
with AD and control subjects.

fected subjects (table 4). The most significant lowering of episodic memory performance corresponded
to genotype patterns PICALM-GG and CLU-TT
(␤ ⫽ ⫺0.32, SE ⫽ 0.14, p ⫽ 0.021), which also
showed an even greater effect on episodic performance after inclusion of the ⑀4 allele at the APOE
Table 3

Single SNP and 2-locus MLGP with
APOE locus test of association with
episodic memory performance in
unaffected subjects
PICALM

CR1

BIN1

CLU

NS

NS

NS

NS

Genotype

GG_⑀4

GG_⑀4

TT_⑀4

CC_⑀4

Npatt

136

70

168

121

␤

⫺0.23

⫺0.28

⫺0.18

⫺0.19

p Value

0.007

0.015

0.02

0.052

Without APOE locus
With APOE locus

Abbreviations: LOAD ⫽ late-onset Alzheimer disease;
MLGP ⫽ multilocus genotype pattern; Npatt ⫽ number of
unaffected subjects having that particular genotype combination vs having any other; NS ⫽ not significant.

locus (␤ ⫽ ⫺0.47, SE ⫽ 0.19, p ⫽ 0.016) (figure).
Two other genotypic profiles comprising CR1 and
BIN1 genes were also identified after exclusion of
patients with LOAD from analysis.
The genotype pattern PICALM-GG, CR1-GG
showed no association with memory performance
(␤ ⫽ ⫺0.07, SE ⫽ 0.09, p ⫽ 0.445); however, it
became significantly lower (␤ ⫽ ⫺0.44, SE ⫽ 0.17,
p ⫽ 0.009) after the APOE locus was included, suggesting that the association is most likely due to the
effect of the APOE locus (figure). For the genotype
pattern PICALM-GG, BIN1-TT, we observed a
trend toward an association (␤ ⫽ ⫺0.14, SE ⫽ 0.07,
p ⫽ 0.052) that increased (␤ ⫽ ⫺0.29, SE ⫽ 0.11,
p ⫽ 0.012) after inclusion of APOE-⑀4 (figure).
None of the genotypic profiles identified were associated with episodic memory performance when tabulated using homozygous genotype APOE-⑀3⑀3 (data
not shown). However, the few homozygous individuals may have limited power.
When we considered all subjects in the dataset, 2
of the patterns, PICALM-GG, CR1-GG, APOE-⑀4
and PICALM-GG, BIN1-TT, APOE-⑀4, also resulted in a significant association with lower memory
performance (␤ ⫽ ⫺0.23, SE ⫽ 0.12, p ⫽ 0.021
and ␤ ⫽ ⫺0.23, SE ⫽ 0.08, p ⫽ 0.005, respectively).
The genotypic profile PICALM-GG, CLU-TT, APOE⑀4, with the strongest effect in the unaffected subjects, did not reach significance when all subjects
were considered (␤ ⫽ ⫺0.21, SE ⫽ 0.15, p ⫽
0.182). Finally, we also identified a genotype profile
comprising the same loci (PICALM and CLU), that
influenced better episodic performance. The genotype pattern PICALM-AG and CLU-CC showed a
trend of association with better performance of episodic memory (␤ ⫽ 0.15, SE ⫽ 0.08, p ⫽ 0.057)
that reached nominal significance when the homozygous genotype ⑀3⑀3 at APOE was included as part of
the genotype pattern (␤ ⫽ 0.26, SE ⫽ 0.10, p ⫽
0.010) and no significant association when ⑀4 allele
is considered (␤ ⫽ ⫺0.15, SE ⫽ 0.14, p ⫽ 0.305).
None of the other MLGPs identified appeared to
influence episodic memory performance (data not
shown). The figure represents the estimated means of
the episodic memory scores for the APOE-⑀4 genotype and for each of the reported genotype patterns
in the unaffected subjects.
Experiment-wise significance levels. Permutation re-

sults showed that for a frequency threshold of 0.01 (that
is, MLGPs with frequencies ⬍0.01 were pooled into a
single class of rare patterns), patterns with 3 different
variants, such as the identified PICALM-GG_CLUTT_APOE-⑀4, had an associated experiment-wise significance level of 0.038.
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Table 4

MLGPs associated with episodic memory performance after
exclusion of patients with LOAD
Npatta

%patt

␤

SE

p Valuesb

PICALM-GG_CR1-GG_APOE-⑀4

50

7.6

⫺0.44

0.09

0.009c

PICALM-GG_BIN1-TT_APOE-⑀4

67

7.1

⫺0.29

0.07

0.012c

PICALM-GG_CLU-TT_APOE-⑀4

13

1.4

⫺0.47

0.14

0.016

Abbreviations: LOAD ⫽ late-onset Alzheimer disease; MLGP ⫽ multilocus genotype
pattern.
a
Npatt indicates the number of unaffected subjects having that particular genotype combination vs having any other. %patt indicates the frequency of the pattern.
b
Significance values correspond to nominal p values.
c
Also significant when all subjects are considered.

DISCUSSION In the present study we used a multilocus

approach to investigate whether genotypic risk profiles
based on recently identified LOAD variants influence cognitive performance. The genotype patterns, PICALMrs3851179-GG and CLU-rs11136000-TT, had the
strongest effect on episodic memory performance in unaffected subjects that increased after addition of the
APOE locus. A different genotype combination at these
same loci, PICALM-AG, CLU-CC, and APOE, also appeared to be a significant predictor of better episodic
performance. In addition, genotypic profiles comprising different susceptibility genes such as CR1 and BIN1
also showed association with lower scores on the epi-

Figure

sodic memory tests in study subjects with and without
LOAD.
Previous studies22 have shown that decline in a
composite measure of episodic memory based on immediate and delayed recall of Logical Memory Story
A is related to the clinical and pathologic phenotypes
of the disease and to its most robust genetic marker.
Episodic memory was associated with dementia (declining during a mean of 5.8 years in subjects with
LOAD), with inheritance of a copy of the ⑀4 allele
among persons with and without dementia, and with
a postmortem measure of level of plaques and tangles. Moreover, when investigating the measure’s
heritability,17 we found that the measure had moderately high heritability in families with multiple affected members. Overall, these data support the idea
that these tests provide a psychometrically sound
measure of episodic memory impairment in LOAD.
We were able to confirm APOE-⑀3 and APOE-⑀2
as significant risk factors and the PICALM homozygous genotype AA at SNP marker rs3851179 as having a protective effect. We did not find an association
with any of the other loci, but this is probably due to
the small sample size.
Two of the identified genotypic profiles were associated with significantly lower episodic memory

Episodic memory estimated means for the associated multilocus genotype patterns in
unaffected individuals

Any other corresponds to any other genotypic combination for the same loci, the black line marks the value of episodic
memory in unaffected individuals (average ⫽ ⫺0.16, SD ⫽ 0.98), and an asterisk marks genotype pattern comparisons with
statistically significance differences in the average score of episodic memory (the ␤ coefficients and p values are shown in
table 4).
1468

Neurology 78

May 8, 2012

scores even among unaffected participants. These results may reinforce the hypothesis of a presymptomatic LOAD state, in which cognitive performance
could be an endophenotypic marker of disease, detectable before the individual experiences frank dementia. Alternatively, the genotype pattern with the
strongest effect on memory performance in the unaffected subject group was no longer significant after
all subjects were included in the analysis, suggesting
that the influence of the MLGP on memory performance may be restricted to individual differences
rather than to the LOAD phenotype. Similar results
have also been reported for the role of APOE not
only as genetic risk factor for AD but also as a risk
factor for nonpathologic cognitive aging.23
Previous work on the genetic risk factors of
memory performance has been mainly focused on
the association between APOE-⑀4 and the rate of
cognitive decline (in both cognitively normal subjects and subjects with AD) and has produced some
conflicting results. Although some investigations
have reported slower cognitive decline among ⑀4 carriers with LOAD24,25 and healthy subjects,26 several
different studies have documented that possession of
APOE-⑀4 relates to a faster rate of cognitive decline.12,27 Beside the APOE gene, a GWAS from the
Framingham community⫺based AD cohort has also
found that the strongest gene-phenotype association
was between SORL1, implicated in amyloid precursor protein processing and risk of LOAD28 and abstract reasoning.29
The derived genotypic risk profile based on several associated genetic variants might provide a useful
genetic risk prediction for cognitive endophenotypes.
Identifying genes conferring risk for LOAD that also
influence cognitive performance would provide important confirmation of the role of these genetic variants and suggest a mechanism of action.
In our approach, the effect of MLGPs encompasses both main and interaction effects among the
SNPs, which is particularly valuable when individual
main or interaction effects are very small. The effect
of interactions between different loci on complex human traits has been extensively discussed in the literature30 and shown to be problematic. It has even
been suggested that there is “an overemphasis on
seeking statistical interaction effects.”31 Although we
acknowledge that it may be difficult to disentangle
the various effects, leading to a pattern effect when
the effects are small, it still provides valuable information regarding the individual’s genetic risk associated with cognitive deterioration. Individuals
carrying the risk MLGP, PICALM-GG_CLUTT_APOE-⑀4, have an average episodic memory
score of ⫺0.60 compared with an average score of

⫺0.13 for any other MLGP; that is, there is almost a
50% decline in the cognitive score (there is a decrease
of 32% for PICALM-GG_CLU-TT and only 19%
for APOE-⑀4). In terms of effect size, there is an approximately 15% increase in effect size (from ⫺0.32
to ⫺0.47) when APOE-⑀4 is included, compared
with that for other MLGPs, i.e., PICALM-GG_CR1GG, with a more substantial increase in effect size,
approximately 37% (from ⫺0.07 to ⫺0.44), suggesting that there is a much more stronger APOE
interaction effect. For clinical purposes, identifying
individuals at higher risk to experience a stronger
cognitive decline will be a powerful approach to
identify prodromal stages to LOAD.
There are potential limitations of our study. As in
any other statistical approach, the small sample size
(because some MLGPs may not occur in the dataset)
will limit the power of the study. To reduce too
much imbalance due to sample size fluctuation, we
combined rare patterns into a single class and we established a frequency threshold ⬎1%, to define common MLGPs that will be considered for analysis
purposes. Randomization analyses showed that the
MLGP identified reached experiment-wise significance, further suggesting that the specific set of 3
genetic variants identified seems to predispose to disease. In a progressive disorder such as LOAD, measuring memory performance at a single point in time
is an imperfect indicator of the rate of memory decline, and, to that end, the NIA-LOAD Family
Study is currently collecting longitudinal cognitive
data. Cognitive decline is a complex multifactorial
process, and therefore the possibility of many other
risk factors influencing the outcome cannot be ruled
out. Among the reported risk factors is alcohol consumption,32 mentally stimulating activities,33 physical inactivity,34 and smoking and vascular risk
factors.35,36 It has also been proposed that environmental risk factors such as diet37 might be also associated with the cognitive decline that eventually leads
to LOAD.
AUTHOR CONTRIBUTIONS
Dr. Barral was primarily responsible for conducting the statistical analysis,
interpretation of data, and drafting the manuscript. Dr. Bird, Dr. Goate,
Dr. Farlow, Dr. Diaz-Arrastia, Dr. Bennett, Dr. Graff-Radford, Dr. Boeve, Dr. Sweet, Dr. Wilson, and Dr. Foroud were responsible of the acquisition of the data and obtaining grant funding. Dr. Stern and Dr. Ott
assisted in the analysis and interpretation of the data. Dr. Mayeux conceptualized the study, supervised it, assisted in the interpretation of data and
drafting the manuscript, and revised the edited manuscript.

ACKNOWLEDGMENT
The authors thank Jennifer Williamson and Kelly Farber and for their
efforts in the NIA-LOAD/NCRAD study coordination.
Neurology 78

May 8, 2012

1469

STUDY FUNDING
Supported by NIH and NIA grants U24AG26396, U24AG021886,
R01AG17917, P50AG8702, P30AG10161, P30AG013846,
P30AG028377, P30AG010133, P50AG05134, P50AG016574,
P50AG05138, P30AG013854, P30AG08017, P50AG016582,
P50AG016570, P30AG028383, P30AG010124, P50AG005133,
R01AG027224, P50AG05142, P30AG012300, P50AG05136, and
P50AG05681 and NSFC grant 30730057 from the Chinese Government to J. Ott. Genotyping services were provided by the Center for
Inherited Disease Research (CIDR). CIDR is fully funded through a
federal contract from the NIH to The Johns Hopkins University (contract HHSN268200782096C). The funders had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript, but did review the manuscript before submission.

DISCLOSURE
Dr. Barral receives research support from Alzheimer Disease Genetic Consortium. Dr. Bird receives research support from Athena Diagnostics, Inc.
Dr. Goate serves as consultant for AstraZeneca; serves as an expert testimony for Howrey & Associates; receives research support from AstraZeneca, Genetech, Pfizer, and NIA; and holds patent royalties from Taconic
(Tau mutation patent). Dr. Farlow serves as a board member for Medivation, Merck, and INC Res/Toyama; serves as a consultant for Accera,
Astellas, Baxter, Bristol Meyers Squibb, GE Healthcare, Novartis, Pfizer,
Prana, and sanofi-aventis; serves as an expert testimony for Pfizer; receives
research support from Danone Research, Elan Pharma, Eli Lilly, Novartis,
Genetech, OctaPharma, Pfizer, sanofi-aventis, Sonexa Therapeutics, Eisai, and NIA; holds a patent from Elan and patent royalties from UpToDate; and holds stock options from QR Pharm and MedAvante. Dr.
Diaz-Arrastia receives research support from NIH. Dr. Bennett receives
research support from NIH. Dr. Graff-Radford serves as board member of
The Neurologist; serves as a consultant for Codman; and receives research
support from Medivation, Janssen, Allon, Forest, and NIA. Dr. Boeve
receives research support from Cephalon Inc., Allon Pharmaceuticals,
Mangurian Foundation, Alzheimer Association, and NIH; receives royalties as a co-editor of Behavioral Neurology of Dementia; and receives support for development of educational presentations from the American
Academy of Neurology. Dr. Sweet receives research support from NIH.
Dr. Stern serves as consultant for Allergan Inc., Cephalon Inc., Elan Corporation, Eisai Inc., Pfizer, Ortho-McNeil Neurologics, Merck Serono,
GlaxoSmithKline, Eli Lilly, Janssen, and NIH. Dr. Wilson receives research support from a grant from Rush University Medical Center. Dr.
Foroud receives research support from NIH. Dr. Ott receives research
support from Natural Science Foundation of China. Dr. Mayeux receives
research support from NIH. Go to Neurology.org for full disclosures.

Received July 19, 2011. Accepted in final form December 29, 2011.
REFERENCES
1. Segre D, Deluna A, Church GM, Kishony R. Modular
epistasis in yeast metabolism. Nat Genet 2005;37:77– 83.
2. Zerba KE, Ferrell RE, Sing CF. Complex adaptive systems
and human health: the influence of common genotypes of
the apolipoprotein E (ApoE) gene polymorphism and age
on the relational order within a field of lipid metabolism
traits. Hum Genet 2000;107:466 – 475.
3. Fallin D, Cohen A, Essioux L, et al. Genetic analysis of
case/control data using estimated haplotype frequencies:
application to APOE locus variation and Alzheimer’s disease. Genome Res 2001;11:143–151.
4. Hoh J, Wille A, Ott J. Trimming, weighting, and grouping SNPs in human case-control association studies. Genome Res 2001;11:2115–2119.
5. Marchini J, Donnelly P, Cardon LR. Genome-wide strategies for detecting multiple loci that influence complex diseases. Nat Genet 2005;37:413– 417.
6. Harold D, Abraham R, Hollingworth P, et al. Genomewide association study identifies variants at CLU and
1470

Neurology 78

May 8, 2012

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

PICALM associated with Alzheimer’s disease. Nat Genet
2009;41:1088 –1093.
Lambert JC, Heath S, Even G, et al. Genome-wide association study identifies variants at CLU and CR1 associated
with Alzheimer’s disease. Nat Genet 2009;41:1094 –1099.
Seshadri S, Fitzpatrick AL, Ikram MA, et al. Genome-wide
analysis of genetic loci associated with Alzheimer disease.
JAMA 2010;303:1832–1840.
Long Q, Zhang Q, Ott J. Detecting disease-associated genotype patterns. BMC Bioinformatics 2009;10(suppl 1):
S75.
Cruchaga C, Kauwe JS, Mayo K, et al. SNPs associated
with cerebrospinal fluid phospho-tau levels influence rate
of decline in Alzheimer’s disease. PLoS Genet 2010;6.
Kauwe JS, Cruchaga C, Bertelsen S, et al. Validating predicted biological effects of Alzheimer’s disease associated
SNPs using CSF biomarker levels. J Alzheimers Dis 2010;
21:833– 842.
Caselli RJ, Dueck AC, Osborne D, et al. Longitudinal
modeling of age-related memory decline and the APOE ⑀4
effect. N Engl J Med 2009;361:255–263.
Biffi A, Anderson CD, Desikan RS, et al. Genetic variation
and neuroimaging measures in Alzheimer disease. Arch
Neurol 2010;67:677– 685.
Chibnik LB, Shulman JM, Leurgans SE, et al. CR1 is associated with amyloid plaque burden and age-related cognitive decline. Ann Neurol 2011;69:560 –569.
Wijsman EM, Pankratz ND, Choi Y, et al. Genome-wide
association of familial late-onset Alzheimer’s disease replicates BIN1 and CLU and nominates CUGBP2 in interaction with APOE. PLoS Genet 2011;7:e1001308.
McKhann G, Drachman D, Folstein M, Katzman R, Price
D, Stadlan EM. Clinical diagnosis of Alzheimer’s disease:
report of the NINCDS-ADRDA Work Group under the
auspices of Department of Health and Human Services
Task Force on Alzheimer’s Disease. Neurology 1984;34:
939 –944.
Wilson RS, Barral S, Lee JH, et al. Heritability of different
forms of memory in the late onset Alzheimer’s disease family study. J Alzheimers Dis 2011;23:249 –255.
Wechsler D. The Wechsler Memory Scale⫺Revised. San
Antonio, TX: Psychological Corporation, 1987.
Wilson RS, Leurgans SE, Foroud TM, et al. Telephone
assessment of cognitive function in the late-onset Alzheimer’s disease family study. Arch Neurol 2010;67:855–
861.
Purcell S, Neale B, Todd-Brown K, et al. PLINK: a tool set
for whole-genome association and population-based linkage analyses. Am J Hum Genet 2007;81:559 –575.
Lange C, DeMeo D, Silverman EK, Weiss ST, Laird NM.
PBAT: tools for family-based association studies. Am J
Hum Genet 2004;74:367–369.
Wilson RS, Bennett DA. Assessment of cognitive decline
in old age with brief tests amenable to telephone administration. Neuroepidemiology 2005;25:19 –25.
Schiepers OJ, Harris SE, Gow AJ, et al. APOE E4 status
predicts age-related cognitive decline in the ninth decade:
longitudinal follow-up of the Lothian Birth Cohort 1921.
Mol Psychiatry 2011;1–10.
Frisoni GB, Govoni S, Geroldi C, et al. Gene dose of the
⑀4 allele of apolipoprotein E and disease progression in
sporadic late-onset Alzheimer’s disease. Ann Neurol 1995;
37:596 – 604.

25.

26.

27.

28.

29.

30.
31.

Hoyt BD, Massman PJ, Schatschneider C, Cooke N,
Doody RS. Individual growth curve analysis of APOE ⑀4associated cognitive decline in Alzheimer disease. Arch
Neurol 2005;62:454 – 459.
Luciano M, Gow AJ, Taylor MD, et al. Apolipoprotein E
is not related to memory abilities at 70 years of age. Behav
Genet 2009;39:6 –14.
Cosentino S, Scarmeas N, Helzner E, et al. APOE epsilon
4 allele predicts faster cognitive decline in mild Alzheimer
disease. Neurology 2008;70:1842–1849.
Rogaeva E, Meng Y, Lee JH, et al. The neuronal sortilinrelated receptor SORL1 is genetically associated with Alzheimer disease. Nat Genet 2007;39:168 –177.
Seshadri S, DeStefano AL, Au R, et al. Genetic correlates of
brain aging on MRI and cognitive test measures: a genomewide association and linkage analysis in the Framingham
study. BMC Med Genet 2007;8(suppl 1):S15.
Cordell HJ. Detecting gene-gene interactions that underlie
human diseases. Nat Rev Genet 2009;10:392– 404.
Wang X, Elston RC, Zhu X. Statistical interaction in human genetics: how should we model it if we are looking for
biological interaction? Nat Rev Genet 2011;12:74.

32.

Liappas I, Theotoka I, Kapaki E, Ilias I, Paraskevas GP,
Soldatos CR. Neuropsychological assessment of cognitive
function in chronic alcohol-dependent patients and patients with Alzheimer’s disease. In Vivo 2007;21:1115–
1118.
33. Wilson RS, Barnes LL, Aggarwal NT, et al. Cognitive activity and the cognitive morbidity of Alzheimer disease.
Neurology 2010;75:990 –996.
34. Scarmeas N, Luchsinger JA, Brickman AM, et al. Physical
activity and Alzheimer disease course. Am J Geriatr Psychiatry 2011;19:471– 481.
35. Haan MN, Shemanski L, Jagust WJ, Manolio TA, Kuller
L. The role of APOE ⑀4 in modulating effects of other risk
factors for cognitive decline in elderly persons. JAMA
1999;282:40 – 46.
36. Slooter AJ, van Duijn CM, Bots ML, et al. Apolipoprotein E genotype, atherosclerosis, and cognitive decline:
the Rotterdam Study. J Neural Transm Suppl 1998;53:
17–29.
37. Gu Y, Nieves JW, Stern Y, Luchsinger JA, Scarmeas N.
Food combination and Alzheimer disease risk: a protective
diet. Arch Neurol 2010;67:699 –706.

Neurology Online CME Program
®

Earn CME while reading Neurology. This program is available only to online Neurology
subscribers. Simply read the articles marked CME, go to www.neurology.org, and click on CME.
This will provide all of the information necessary to get started. The American Academy of
Neurology (AAN) is accredited by the Accreditation Council for Continuing Medical Education
(ACCME) to sponsor continuing medical education for physicians. Neurology is planned and
produced in accordance with the ACCME Essentials. For more information, contact AAN Member
Services at 800-879-1960.

Editor’s Note to Authors and Readers: Levels of Evidence in Neurology®
Effective January 15, 2009, authors submitting Articles or Clinical/Scientific Notes to Neurology®
that report on clinical therapeutic studies must state the study type, the primary research question(s), and the classification of level of evidence assigned to each question based on the AAN
classification scheme requirements. While the authors will initially assign a level of evidence, the
final level will be adjudicated by an independent team prior to publication. Ultimately, these levels
can be translated into classes of recommendations for clinical care. For more information, please
access the articles and the editorial on the use of classification of levels of evidence published in
Neurology.1-3
1. French J, Gronseth G. Lost in a jungle of evidence: we need a compass. Neurology 2008;71:1634 –1638.
2. Gronseth G, French J. Practice parameters and technology assessments: what they are, what they are not, and why you
should care. Neurology 2008;71:1639 –1643.
3. Gross RA, Johnston KC. Levels of evidence: taking Neurology® to the next level. Neurology 2009;72:8 –10.

Neurology 78

May 8, 2012

1471

