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Abstract Introduction: The growing public threat of Alzheimer’s disease (AD) has raised the urgency to
quantify the degree of cognitive decline during the conversion process of mild cognitive impairment
(MCI) to AD and its underlying genetic pathway. The aim of this article was to test genetic common
variants associated with accelerated cognitive decline after the conversion of MCI to AD.
Methods: In 583 subjects with MCI enrolled in the Alzheimer’s Disease Neuroimaging Initiative
(ADNI; ADNI-1, ADNI-Go, and ADNI-2), 245 MCI participants converted to AD at follow-up.
We tested the interaction effects between individual single-nucleotide polymorphisms and AD diag-
nosis trajectory on the longitudinal Alzheimer’s Disease Assessment Scale-Cognition scores.
Results: Our findings reveal six genes, including BDH1, ST6GAL1, RAB20, PDS5B, ADARB2, and
SPSB1, which are directly or indirectly related to MCI conversion to AD.
Discussion: This genome-wide association study sheds light on a genetic mechanism of longitudinal
cognitive changes during the transition period from MCI to AD.
� 2017 Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Alzheimer’s disease (AD) is a progressive, neurodegener-
ative disorder that imposes social, psychological, and finan-
cial burden on both patients and their caregivers. Hebert
et al. predict that the total number of individuals with AD de-

mentia will be 13.8 million by 2050 Q6[1]. This prediction,
coupled with a lack of disease-modifying treatments, is esti-
mated to have cumulative costs of more than $20 trillion by
2050 for the care of AD patients [2]. To date, extensive ef-
forts have been made to delineate a set of risk factors that
affect the development of AD. In particular, genome-wide
association studies (GWASs) have been used to identify ge-
netic variants that may contribute to AD. Most GWASs of
AD have focused on the detection of single-nucleotide poly-
morphisms (SNPs) that are associated with the susceptibility
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of developing AD [3–8]. The early onset of AD is known to
result from mutations in one of three genes: the amyloid
precursor protein (APP), presenilin 1 (PSEN1), or
presenilin 2 (PSEN2) [9,10]. The inheritance of the e4
allele of the apolipoprotein E (APOE) has a substantial
impact on the late onset of sporadic ADQ7 [11,12]. Recent
GWASs have identified additional AD-related genes,
including clusterin (CLU), complement receptor 1 (CR1),
and phosphatidylinositol-binding clathrin assembly protein
gene (PICALM) [13,14], whereby those genes alter
production of the amyloid-b peptide (Ab) [15–17].

In the present study, we aimed to detect genetic common
variants associated with accelerated cognitive decline after
the conversion of mild cognitive impairment (MCI) to AD.
MCI is a clinical syndrome characterized by insidious onset
and progression of cognitive impairments. It is often consid-
ered as a transitional stage between normal aging and AD,
because approximately 50% of MCI patients develop AD
in 5 years from diagnosis [18]. Critically, therapeutic inter-
ventions and disease-modifying drugs appear to be more
effective during the MCI or early stage of AD than at the
more severe stages of AD [19–21]. As such, it is an
ongoing quest to delineate a set of risk factors that affect
conversion from MCI to AD. Recent GWASs have focused
on the following phenotypes related to MCI-AD progres-
sion: binary outcome indicating MCI-AD conversion, time
to conversion from MCI to AD, and cognitive decline. For
example, Hu et al. (2011)Q8 found novel loci to be associated
with longitudinal cognitive changes of MCI patients [22]
and those loci were also associated with time to conversion
from MCI to AD. Here, we only focus on an MCI-AD con-
version group to identify genetic common variants contrib-
uting to rapid cognitive decline after an MCI patient
develops AD.

We analyzed the Alzheimer’s Disease Neuroimaging
Initiative (ADNI; ADNI-1, ADNI-2, and ADNI-GO) cohort
data. Among them, there remained 245 participants who
converted to AD at follow-up. Longitudinal Alzheimer’s
Disease Assessment Scale-Cognition (ADAS-Cog) scores
were used to measure cognitive function including memory,
language, praxis, and orientation domain scores indicated
greater cognitive impairmentQ9 . To identify SNPs associated
with longitudinal cognitive changes, we tested interaction
effects between individual SNPs and AD diagnosis trajec-
tory (MCI 5 0, AD 5 1) on the longitudinal ADAS-Cog
scores. To account for individual variability of (1) baseline
ADAS-Cog score and (2) the effect size of AD diagnosis tra-
jectory, random effects for intercept and slope of AD diag-
nosis trajectory were incorporated in our model.

2. Materials and methods

2.1. Alzheimer’s Disease Neuroimaging Initiative

The study population was obtained from the ADNI data-
base (www.loni.usc.edu/ADNI). The ADNI study has aimed

to detect and monitor the early stage of AD by investigating
serial magnetic resonance imaging, positron emission to-
mography, genetic, biochemical biomarkers, and neuropsy-
chological and clinical assessment. The Principal
Investigator of this initiative is Michael W. Weiner, MD,
VA Medical Center and University of California, San Fran-
cisco. The ADNI began in 2004 and recruited 400 subjects
with MCI, 200 subjects with early AD, and 200 cognitively
normal elderly from more than 50 sites across the United
States and Canada. This multisite, longitudinal study was
financially supported as $67 million by National Institute
on Aging, the National Institute of Biomedical Imaging
and Bioengineering, the Food and Drug Administration,
and 13 private pharmaceutical companies. This initial phase,
called ADNI-1, was extended with ADNI-GO in 2009.
ADNI-GO investigated the existing ADNI-1 cohort and
included 200 participants diagnosed as having early MCI.
In 2011, ADNI-2 began to study participants from the
ADNI-1/ADNI-GO and added 150 elderly control subjects,
100 early MCI participants, 150 late MCI participants, and
150 MCI patients. For up-to-date information, see www.
adni-info.org.

2.2. Data description

In the sample of this study, we considered White partici-
pants who had developed AD fromMCI at the baseline. Dur-
ing 120 months of follow-up, 245 MCI patients progressed
to AD before study completion and the remaining 338
MCI patients did not convert to AD before study end. We
considered only 245 patients who developed AD by their
follow-up. The data included basic demographic and clinical
information at the baseline: age, education length, and
gender. Their ADAS-Cog scores were recorded about every
9 months in average with the mean follow-up duration of
48 months. Genotyping for the ADNI-1, ADNI-GO, and
ADNI-2 data was performed using the Human 610-Quad
BeadChip, Illumina Human Omni Express BeadChip, Illu-
mina Omni 2.5 M (WGS Platform Q10), respectively. It was
completed on all ADNI participants using the genotyping
protocol whose details are described in [23] and http://
adni.loni.usc.edu/methods/genetic-data-methods.

2.3. Quality control and genotype imputation

We performed quality control (QC) steps on the raw ge-
notype data to ensure that only high-quality data were
included in the final analysis. QC procedures included (1)
call rate check per subject and per SNP marker, (2) gender
check, (3) sibling pair identification, (4) the Hardy-
Weinberg equilibrium test, (5) marker removal by the minor
allele frequency, and (6) population stratification. We also
calculated an inbreeding coefficient (F) that represents the
expected percentage of homozygosity. There were no sub-
jects with excessive heterozygosity (jFj . 0.15) [53]. The
second line preprocessing steps included removal of SNPs
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