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Abstract Amyloid imaging with [11C]Pittsburgh Compound-
B (PiB) provides in vivo data on plaque deposition in those
with, or at risk for, Alzheimer’s disease (AD). We performed a
gene-based association analysis of 15 quality-controlled
amyloid-pathway associated candidate genes in 103
Alzheimer’s Disease Neuroimaging Initiative participants.
The mean normalized PiB uptake value across four brain

regions known to have amyloid deposition in AD was used as
a quantitative phenotype. The minor allele of an intronic SNP
within DHCR24 was identified and associated with a lower
average PiB uptake. Further investigation at whole-brain
voxel-wise level indicated that non-carriers of the minor
allele had higher PiB uptake in frontal regions compared to
carriers. DHCR24 has been previously shown to confer
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resistance against beta-amyloid and oxidative stress-induced
apoptosis, thus our findings support a neuroprotective role.
Pathway-based genetic analysis of targeted molecular imag-
ing phenotypes appears promising to help elucidate disease
pathophysiology and identify potential therapeutic targets.

Keywords Alzheimer’s disease . ADNI . Pathway-based gene
analysis . PiB-PET. Endophenotype .Voxel-based analysis

Introduction

Alzheimer’s disease (AD), the most common type of
dementia, is characterized by marked decline in memory and
other cognitive abilities. An estimated 5.4 million Americans,
most over the age of 65, have AD at present and no disease-
modifying treatment is available to slow or stop its progres-
sion (Alzheimer’s Association, 2011). The hallmark abnor-
malities of AD are deposits of the protein fragment beta-
amyloid (Aβ), which form amyloid plaques, and twisted
strands of the protein tau which form neurofibrillary tangles.
Amnestic mild cognitive impairment (MCI) is a clinical
condition in which an individual has memory complaints and
memory impairment that is not normal for his/her age, but
does not significantly interfere with daily functioning.
Approximately 14–18% of individuals in the population
aged 70 years and older have MCI, and approximately 10–
15% of these individuals are likely to progress to dementia,
particularly AD, each year (Petersen et al., 2009).

Genetic variation has been shown to play a key role in the
development of AD. Mutations in APP (amyloid beta (A4)
precursor protein), PSEN1 (presenilin 1) and PSEN2 (pre-
senilin 2 (Alzheimer disease 4)) cause early-onset AD (onset
<60 years). However, early-onset AD accounts for a small
percent (<5%) of AD cases (Bertram, Lill, & Tanzi, 2010).
Currently, the most predictive genetic risk factor for the more
common late-onset form of AD (onset ≥60 years) is the

APOE (apolipoprotein E) ε4 allele. The ε4 allele, a member
of a three allele haplotype (composed of ε2, ε3, and ε4 alleles),
confers a dose-dependent increase in AD risk of approximately
four-fold as compared to non-carriers (Corder et al., 1993;
Farrer et al., 1997; Saunders et al., 1993). Recent large-scale
case-control genome-wide association studies (GWASs) have
identified and replicated additional risk loci including: CLU
(clusterin), CR1 (complement component (3b/4b) receptor 1
(Knops blood group)), PICALM (phosphatidylinositol binding
clathrin assembly protein), BIN1 (bridging integrator 1),
EXOC3L2 (exocyst complex component 3-like 2),MTHFD1L
(methylenetetrahydrofolate dehydrogenase (NADP+depen-
dent) 1-like), MS4A4A (membrane-spanning 4-domains, sub-
family A, member 4)/MS4A6E (membrane-spanning 4-
domains, subfamily A, member 6E), CD2AP (CD2-associated
protein), EPHA1 (EPH receptor A1), CD33 (CD33 molecule)
and ABCA7 (ATP-binding cassette, sub-family A (ABC1),
member 7) (Harold et al., 2009; Hollingworth et al., 2011; Jun
et al., 2010; Lambert et al., 2009; Naj et al., 2010; Naj et al.,
2011; Seshadri et al., 2010). However, the population
attributable fractions, or the proportional reduction in mortal-
ity or population disease if a risk factor exposure were
reduced to an alternative ideal exposure scenario, for the
strongest SNPs at each of CR1, CLU, PICALM, BIN1,
EPHA1, MS4A, CD33, CD2AP and ABCA7 loci were
estimated to be between 2.72% and 5.97%. Furthermore, the
cumulative population-attributable fraction for these non-
APOE loci is estimated to be as much as 35% (Naj et al.,
2011). Thus, the reported loci do not account for all of the
genetic variation associated with the disease. An alternative
approach, employing analysis of quantitative phenotypes, may
be able to detect other loci associated with AD and MCI.

Biomarkers for AD, such as cerebrospinal fluid (CSF)
measurements (Hampel et al., 2010), blood markers, and
neuroimaging modalities such as magnetic resonance imaging
(MRI) and positron emission tomography (PET), can be used
as quantitative phenotypes in genetic association studies to
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identify additional risk loci. The use of quantitative pheno-
types has been shown to require smaller sample sizes for the
detection of similar variants with equivalent effect sizes than
traditional case-control designs (Potkin et al., 2009). The
quantitative phenotype approach has revealed risk loci
associated with a number of AD phenotypes including:
hippocampal atrophy (Potkin et al., 2009) and rate of decline
(Saykin et al., 2010), temporal lobe structure (Stein et al.,
2010), brain-wide MRI phenotypes (Shen et al., 2010; Stein
et al., 2010) and cerebrospinal fluid measures (Han,
Schellenberg, & Wang, 2010; Kim et al., 2011).

[11C]-Pittsburgh Compound-B (PiB) is a PET ligand that
binds to fibrillar Aβ deposits with high affinity (Klunk et al.,
2004). The distribution of PiB binding in AD patients closely
matches the post-mortem histological distribution of Aβ
plaques seen in AD (Rabinovici & Jagust, 2009). Recent
data using an alternative [18F]-labeled amyloid tracer,
Florbetapir, demonstrated strong antemortem-postmortem
agreement in amyloid burden and distribution (Clark et al.,
2011). For PiB, the highest signal is observed in the
prefrontal cortex, precuneus and posterior cingulate cortex,
followed by the lateral parietal and temporal cortices and
striatum, with a lower signal in the occipital cortex, globus
pallidus, and thalamus (Rabinovici & Jagust, 2009).

We hypothesized that PiB-PET can serve as a useful
endophenotype for genetic analyses to identify new loci
associated with AD pathology (Berti, Nacmias, Bagnoli, &
Sorbi, 2011). To test this hypothesis, we performed a gene-
based association analysis of 15 quality-controlled amyloid-
pathway associated candidate genes in 103 Alzheimer’s
Disease Neuroimaging Initiative (ADNI) participants who
had initial PiB-PETscans as well as genotype data. ADNI is an
ongoing multiyear public-private partnership with the goal of
testing whether combinations of biomarkers such as MRI,
PET, CSF, genetic factors (e.g., single nucleotide polymor-
phisms (SNPs) and copy number variations), and clinical and
neuropsychological assessments can improve early diagnosis
and predict progression of MCI and early AD. We used an
average of four PiB uptake values, one from each of four brain
regions known to have amyloid deposition in AD as the
quantitative phenotype. We sought to determine genes and
SNPs significantly associatedwith this phenotype representing
a mean regional PiB uptake. Candidate genes and SNPs
identified from this analysis were further investigated across
the whole brain on a voxel-wise level.

Methods

Alzheimer’s Disease Neuroimaging Initiative

Data used in this study were obtained from the ADNI database
(http://adni.loni.ucla.edu/). The ADNI was initiated in 2003

by the National Institute on Aging (NIA), the National
Institute of Biomedical Imaging and Bioengineering
(NIBIB), the Food and Drug Administration (FDA), private
pharmaceutical companies and non-profit organizations. The
primary goal of ADNI has been to test whether serial MRI,
PET, other biological markers, and clinical and neuropsy-
chological assessments can be combined to measure the
progression of MCI and early AD. Determination of
sensitive and specific markers of very early AD progression
is intended to aid researchers and clinicians to develop new
treatments and monitor their effectiveness, as well as lessen
the time and cost of clinical trials. Michael W. Weiner, MD,
VA Medical Center and University of California-San
Francisco is the Principal Investigator of this initiative. This
$60 million, multiyear public-private partnership involves
many co-investigators from a broad range of academic
institutions and private corporations. More than 800 partic-
ipants, aged 55 to 90, have been recruited from across more
than 50 sites in the US and Canada. This includes
approximately 200 cognitively normal older individuals
(healthy controls or HCs) to be followed for 3 years, 400
patients diagnosed with MCI to be followed for 3 years, and
200 patients diagnosed with early AD to be followed for
2 years. Longitudinal imaging data, including structural
1.5 Tesla MRI scans, were collected on the full sample, and
[11C]PiB- and [18F]fluorodeoxyglucose (FDG)-PET imaging
data were acquired in a subset of participants. Neuropsycho-
logical and clinical assessments were collected at baseline,
and at follow-up visits of six-to-twelve month intervals.
Other available data used in the present analysis included
APOE ε4 genotype and a dense set of 489 SNPs in amyloid-
pathway associated genes that were genotyped as part of a
GWAS in the full ADNI sample. Longitudinal CSF AD
biomarkers were also available from a sub-sample. Further
information about ADNI can be found in (Weiner et al.,
2010) and at http://www.adni-info.org.

The study was conducted after Institutional Review Board
approval at each site. Written informed consent was obtained
from all study participants, or their authorized representatives.

Participants

One hundred and three participants (25 AD, 56 MCI and 22
HC at time of scan; 95 non-Hispanic Caucasians, three non-
Hispanic African Americans, two non-Hispanic Asians, two
Hispanic Caucasians and oneCaucasian of unknown ethnicity)
in the ADNI cohort with initial PiB-PET scans and genotype
data were included in the present analyses (Table 1).

PiB-PET data

Detailed methods have been previously reported for
acquisition and processing of PiB-PET scans for the ADNI
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sample (Jagust et al., 2010; Jagust et al., 2009), and are
briefly described below.

Acquisition of PiB-PET scans

The PiB-PET study was initiated as an “add-on” project
towards the end of the first year of the ADNI study, and 103
participants at 14 participating ADNI PET centers were
recruited for PiB-PET imaging. In some participants, PiB-
PETscanning was not conducted at the baseline visit, but scans
were acquired at month 12 and/or month 24 visits (Table 1).
PiB-PET scans were collected on multiple PET instruments
and with multiple acquisition sequences. Approximately 10–
15 mCi of [11C]PiB was injected intravenously, followed by in
most cases a 50-min uptake period. Data were then acquired
from 50 to 70 min in 4–5min frames. Quality control (QC) was
performed on all scans. Raw PiB-PET frames were realigned to
the first frame and averaged to create a single image. This
image was then set to a standard orientation and voxel size,
intensity normalized using a cerebellar grey matter region of
interest (ROI), and smoothed to a common resolution of 8 mm
full-width at half-maximum. The resulting image was referred
to as the “PIB Coreg, Avg, Std Img and Vox Size, Uniform
Resolution” and was subsequently made available for down-
load from the LONI ADNI site (http://adni.loni.ucla.edu/).
Further information can be found in (Jagust et al., 2009).

Regional assessment of PiB-PET data

Regional normalized PiB uptake values used in this
analysis were obtained from a dataset generated by the
University of Pittsburgh as described briefly below. PiB-
PET data were assessed using an automated ROI template
method to sample different brain areas. The MRI template
from a 79-year-old MCI participant scanned at the
University of Pittsburgh was used to generate the ROIs.

Each participant’s PiB-PET scan was co-registered to his/
her MRI scan. The individual’s MRI scan was normalized
to the MCI template, and the same parameters were applied
to normalize his/her PiB-PET scan to the MCI template.
The PiB-PET scans were then resliced to the dimensions of
the MCI template and mean PiB uptake from each ROI was
extracted. For each ROI, the extracted PiB uptake values
were renormalized relative to a cerebellar ROI generated
from the MCI participant described above. Further infor-
mation on the post processing steps of the PiB-PET scans
by the University of Pittsburgh can be found at http://adni.
loni.ucla.edu/research/pet-post-processing/.

Phenotype selection for the gene-based association analysis
of amyloid-pathway associated candidate genes

Normalized PiB uptake values from four ROIs (anterior
cingulate, frontal cortex, parietal cortex and precuneus)
generated by the University of Pittsburgh were obtained for
initial PiB-PET scans of all participants from the ADNI
database (http://adni.loni.ucla.edu/) (as of November 2010).
Only one set of scan data was used per subject. The average
PiB uptake from these four brain regions has been previously
used to define a cut-off value (average PiB uptake=1.50), to
classify participants as either positive for amyloid deposition
(average PiB uptake>1.50) or negative for amyloid deposition
(average PiB uptake<1.50) (Jagust et al., 2010). We thus
decided to use the average PiB uptake value from these four
regions as the quantitative phenotype for the genetic
association analysis.

Processing of PiB-PET scans for the whole-brain
voxel- and cluster-wise analysis

PiB-PET image processing was performed using Statistical
Parametric Mapping (Friston et al., 1994) version 5 (SPM5)

Table 1 Sample characteristics

AD (n=25) MCI (n=56) HC (n=22) p-valuea

Initial PiB at baseline/month 12/month 24 5/14/6 15/36/5 0/20/2 0.021

Age at time of scan (Mean±SD) 75.05±9.01 75.43±7.68 77.14±6.17 0.605

Sex (Male/Female) 17/8 36/20 14/8 0.937

Years of education (Mean±SD) 15.44±3.03 16.23±2.62 15.50±3.32 0.408

Handedness (Right/Left) 23/2 51/5 17/5 0.187

Presence/absence of APOE ε4 allele 16/9 30/26 6/16 0.034

Average PiB uptakeb (Mean±SD) 1.96±0.34 1.81±0.43 1.56±0.34 0.003

rs7551288 (DHCR24) genotype (GG/AG/AA) 5/13/7 25/25/6 5/12/5 0.094

a For categorical variables, p-value is computed using Pearson chi-square. For continuous variables, p-value is computed using one-way analysis
of variance
b Average PiB uptake is the average of PiB uptake values (normalized to cerebellum) from four brain regions: anterior cingulate, frontal cortex,
parietal cortex and precuneus
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(http://www.fil.ion.ucl.ac.uk/spm/) implemented using MAT-
LAB v7.1.0.183 (MathWorks, Natick, MA). Initial “PIB
Coreg, Avg, Std Img and Vox Siz, Uniform Resolution” PiB-
PET images, processed as described above, were obtained in
NIfTI format for all available participants from the ADNI
database (http://adni.loni.ucla.edu/) (as of October 2010).
Additionally, 1.5 Tesla T1-weighted 3D magnetization
prepared rapid acquisition gradient echo (MP-RAGE) MRI
scans for all participants (Jack et al., 2008) were downloaded
from the ADNI database. Each participant’s processed PiB-
PET image was co-registered to his/her MRI scan at the
same timepoint. One participant who had an initial PiB-PET
scan at the month 12 visit did not have an MRI scan at the
same timepoint. In this case, the participant’s MRI scan at the
month 6 visit was used for the co-registration. The MR
images were co-registered to a standard T1-template image,
bias corrected, segmented using a T1-weighted MRI tem-
plate from SPM5, and spatially normalized to Montreal
Neurological Institute (MNI) space (Risacher et al., 2009).
Normalization parameters obtained from the segmentation of
the MP-RAGE scans were then used to normalize each
participant’s PiB-PET image to MNI space. All scan
processing and normalization steps were subjected to QC
on an individual level. The processed PiB-PET images of all
participants were then entered into voxel- and cluster-wise
statistical analysis.

Genotype data

Acquisition of genotype data

Methods for acquisition and processing of genotype data
for the ADNI sample have been previously described
(Saykin et al., 2010). The Human610-Quad BeadChip
(Illumina, Inc., San Diego, CA) was used to analyze samples
with all sources of DNA according to the manufacturer’s
protocol (Infinium HD Assay; Super Protocol Guide; rev. A,
May 2008). SNP genotypes were generated from bead
intensity data using Illumina BeadStudio 3.2 software.

The two APOE SNPs (rs429358, rs7412) that define the
ε2, ε3 and ε4 alleles were not available on the Illumina
Human610-Quad BeadChip. These SNPs were genotyped
separately and were made available in the ADNI database
(Potkin et al., 2009; Saykin et al., 2010).

Gene and SNP selection criteria for the gene-based association
analysis of amyloid-pathway associated candidate genes

As only a modest size sample (103 participants) had
completed the PiB-PET protocol, we explicitly focused our
analysis on amyloid-pathway associated genes that were also
present in the AlzGene database. The AlzGene database
(http://www.alzgene.org/) provides a comprehensive curated

list and meta-analysis of genes previously investigated for
association to AD (Bertram, McQueen, Mullin, Blacker, &
Tanzi, 2007). A search for the Gene Ontology (GO) term or
ID “amyloid” was made on the GO website (http://www.
geneontology.org/) (Ashburner et al., 2000) (as of November
2010). The search identified 37 genes associated with
different GO “amyloid” terms. The APOE gene was
excluded from the analysis as the APOE ε4 status was used
as a covariate in the analysis (see below). The APP (amyloid
beta (A4) precursor protein) gene was not identified in the
search results, but given its role as a precursor molecule in
the generation of Aβ fragments, this gene was included in
the analysis. Twenty of the 37 genes were also present in the
AlzGene database (as of November 2010) and these 20
genes were selected for further filtering.

As an initial screening analysis, we selected SNPs that were
located in these genes, i.e. SNPs in the untranslated region
(UTR), 3′ UTR, 5′ UTR, coding or intronic regions of these
genes as defined in the Illumina Human610-Quad Gene
Annotation file. 16 genes with 489 SNPs were found to satisfy
this criteria and selected for QC performed in PLINK v1.07
(http://pngu.mgh.harvard.edu/~purcell/plink/) (Purcell et al.,
2007). Samples were selected if they had a call rate
>95%. SNPs were selected if they had a call rate >95%
and minor allele frequency >20%. A relatively high
minor allele frequency was used to ensure adequate
sample size in the three genotype groups to reduce the
likelihood of false positives due to small cell sizes. 213
SNPs did not pass this filter. 103 samples and 272
SNPs in 15 genes remained after all QC and filter steps
(Table 2) and were entered into the association analysis.
The analysis was also repeated restricting the sample to
the 95 non-Hispanic Caucasian participants in the present
study to confirm that the findings obtained from the
analysis with all 103 participants were not biased by
subpopulation effects. In addition, a cluster analysis was
performed for all 818 ADNI participants using the
smartpca program from the EIGENSOFT package (Price
et al., 2006). The primary analysis was repeated using the
first two principal components as additional covariates.

Statistical analyses

Two approaches were used in this study: (1) a gene-based
association approach of amyloid-pathway associated candi-
date genes, to identify genes and SNPs associated with the
average PiB uptake from four brain regions; and (2) a
whole brain, voxel- and cluster-wise approach, in which the
identified SNPs were tested for associations with PiB
uptake across the whole brain. An overview of the steps
for both approaches is shown in Fig. 1. Descriptive
statistical analysis was carried out in PASW Statistics 18
(SPSS Inc., Chicago, IL).
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Gene-based association analysis of amyloid-pathway
associated candidate genes

The gene-based association analysis of amyloid-pathway
associated candidate genes was performed using the “Set-based
tests” option in PLINK v1.07 (Purcell et al., 2007) (http://pngu.
mgh.harvard.edu/~purcell/plink/anal.shtml#set). This analysis
performs a standard SNP quantitative trait analysis. A mean
test statistic for each gene is calculated taking into
account the number of significant SNPs in each gene as
well as selecting SNPs that are not in linkage
disequilibrium (LD) with each other. A permutation is
also performed, keeping LD between SNPs constant and
permuting the individual labels. An empirical p-value is
then reported for each gene with at least one significant
SNP. We used the default PLINK parameters in the present
analysis: SNPs were considered to be in LD if the
correlation coefficient between them was r2>0.5; SNPs
from the quantitative trait analysis were considered
significant with a p-value<0.05; and a maximum of five
significant SNPs from each gene was chosen for calculat-
ing the mean test statistic. The analysis was performed
using an additive model, i.e., the additive effect of the
SNP minor allele on the phenotypic mean was estimated.
Factors known to influence amyloid deposition, i.e. age at

time of scan (Yamada, Tsukagoshi, Otomo, & Hayakawa,
1988), gender (Hirata-Fukae et al., 2008), diagnosis at
time of scan (Jagust et al., 2010) and presence/absence of
APOE ε4 allele (Reiman et al., 2009) were included as
covariates in the analysis. One hundred thousand permu-
tations were performed.

The empirical p-values obtained for each gene were then
analyzed using the Benjamini-Hochberg false discovery
rate (FDR) procedure (Benjamini & Hochberg, 1995), with
a commonly employed q-value threshold of 0.10 to indicate
genes with significant association to the average PiB uptake
(van den Oord, 2008). The q-value is the FDR analog of the
family-wise error (FWE) adjusted p-value. For a given test,
the q-value provides the smallest FDR for which the null
can be rejected and a discovery declared. A more powerful
approach such as the one used in the whole-brain cluster-
wise analysis (Ventura, Paciorek, & Risbey, 2004) (as
described below) could not be used because it would
require a p-value for each gene. Using the “Set-based tests”
procedure in PLINK, a permutation p-value for a gene
exists only if there is at least one significant SNP in the
gene. The number of significant SNPs identified depends
on the parameters specified in the analysis. Comparison
graphs were created using SigmaPlot for Windows Version
10.0 (Systat Software, Inc., San Jose, CA).

Table 2 Genes included in the gene-based association analysis of amyloid-pathway associated candidate genes

Chromosome Gene
symbol

Gene name Gene Ontology
associated term

Number of single
nucleotide
polymorphisms

1 DHCR24 24-dehydrocholesterol reductase amyloid precursor protein catabolic process 3

1 NCSTN nicastrin amyloid precursor protein catabolic process 1

1 PSEN2 presenilin 2 (Alzheimer disease 4) beta-amyloid metabolic process; amyloid
precursor protein catabolic process

2

1 SOAT1 sterol O-acyltransferase 1 positive regulation of amyloid precursor
protein biosynthetic process

16

3 BCHE butyrylcholinesterase beta-amyloid binding 6

4 APBB2 amyloid beta (A4) precursor
protein-binding, family B, member 2

beta-amyloid binding 61

4 COL25A1 collagen, type XXV, alpha 1 beta-amyloid binding 57

10 IDE insulin-degrading enzyme beta-amyloid metabolic process 5

11 APBB1 amyloid beta (A4) precursor
protein-binding, family B, member 1
(Fe65)

beta-amyloid binding 4

11 BACE1 beta-site APP-cleaving enzyme-1 beta-amyloid metabolic process 5

14 PSEN1 presenilin 1 beta-amyloid metabolic process; amyloid
precursor protein catabolic process

1

15 CHRNA7 cholinergic receptor, nicotinic, alpha 7 beta-amyloid binding 14

21 ABCG1 ATP-binding cassette, sub-family G
(WHITE), member 1

amyloid precursor protein catabolic process 47

21 APPa amyloid beta (A4) precursor protein - 30

21 BACE2 beta-site APP-cleaving enzyme 2 negative regulation of amyloid precursor
protein biosynthetic process

20

a The APP gene was not identified from the search on Gene Ontology
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Power analysis

We performed a power calculation in Quanto (Version 1.2.4,
May 2009) (Gauderman & Morrison, 2006) to estimate the
power of detecting variation in the mean normalized PiB
uptake that can be explained by genetic factors. We also
determined the variance in mean normalized PiB uptake
explained by APOE ε4 status, as well as a SNP in a novel
gene identified in the present study. Age at time of scan,
gender, and diagnosis at time of scan were included as
covariates in both variance analyses. In addition, APOE ε4
status was included as a covariate in the variance analysis
of the identified SNP.

Whole-brain voxel- and cluster-wise analysis

As a follow-up to the findings from the gene-based association
analyses, voxel- and cluster-wise differences in normalized PiB
uptake among the three genotype groups were assessed in
SPM5 using a multiple regression model. Covariates used in
the gene-based association analysis (age at time of scan,
gender, diagnosis at time of scan and presence/absence of
APOE ε4 allele) were also included as covariates in the voxel-
and cluster-wise analysis, and an explicit grey matter (GM)
mask was used to restrict analysis to GM regions. Voxels were
projected onto the three-dimensional rendered brain provided
by SPM5 for visualization. The MNI coordinates of the local
maximum of each cluster were converted to Talairach
coordinates, and were loaded into Talairach Client v2.4.2
(Lancaster et al., 1997; Lancaster et al., 2000) software to
determine the associated anatomic labels.

The statistical parametric map of the regression t-statistics
was analyzed in SPM5 using a voxel-level significance
threshold of p<0.001 (uncorrected) and minimum cluster
size k=50 contiguous voxels. Voxel- and cluster-level statistics
were assessed using both FWE and FDR type I error control.
For voxel-level analysis in SPM5, the FWE and FDR
corrected p-value statistics were used. For cluster-level
analysis, the random field theory corrected p-values were
used. In addition, the uncorrected cluster-level p-values were
assessed using the FDR algorithm of Ventura et al. (Chumbley,
Worsley, Flandin, & Friston, 2010; Chumbley & Friston,
2009; Ventura et al., 2004). The author’s FDR program was
accessed through the download fdr.jcli (S/R version) from the
software archives at StatLib (http://lib.stat.cmu.edu) and run
using R linux-gnu version 2.10.0 (2009-10-26). Clusters were
considered significant if their random field theory corrected p-
value did not exceed 0.05 or their FDR q-value did not exceed
0.10 (Genovese, Lazar, & Nichols, 2002).

Results

Gene-based association analysis of amyloid-pathway associated
candidate genes

A gene-based association analysis of amyloid-pathway
associated candidate genes was performed in 103 ADNI
participants to determine genes and SNPs associated with
the average normalized PiB uptake from four regions
(anterior cingulate, frontal cortex, parietal cortex, and
precuneus). Table 3 shows the summary output of the

Fig. 1 Overview of steps used
for the analyses. a Gene-based
association analysis of amyloid-
pathway associated candidate
genes. b Whole-brain voxel- and
cluster-wise analysis. SNP-
single nucleotide polymorphism;
APOE-apolipoprotein E; APP-
amyloid beta (A4) precursor
protein; PiB-Pittsburgh Com-
pound B; PET-positron emission
tomography; MRI-magnetic
resonance imaging; MNI-
Montreal Neurological Institute;
MP-RAGE-3D magnetization
prepared rapid acquisition
gradient echo
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gene-based association analysis obtained from PLINK.
The DHCR24 gene was observed to be significantly
associated with the average PiB uptake (empirical gene-
based p=0.0049, uncorrected; FDR q=0.0735). Three
SNPs in this gene were included in the quantitative
trait analysis, but only one intronic SNP (rs7551288)
was found to be significantly associated with the
average PiB uptake (p=0.0028, uncorrected). An addi-
tive effect of this SNP was observed (Fig. 2), i.e., 35
participants with no copies of the minor allele (GG
genotype) had a higher average PiB uptake compared to

50 participants with one copy of the minor allele (AG
genotype) and 18 participants with two copies of the
minor allele (AA genotype).

To remove possible effects of age, diagnosis, APOE ε4
status and gender on the average PiB uptake, we included
them as covariates in the analyses. The absence/presence of
covariates did not significantly alter the pattern of results
(data not shown). Further, on performing the analyses without
APOE ε4 status as a covariate (but all other covariates
included), the DHCR24 gene (empirical gene-based p=
0.0012, uncorrected) and the rs7551288 SNP (p=0.0008,
uncorrected) were observed to be significantly associated
with the average PiB uptake. Finally, as there could be an
interaction of the rs7551288 SNP with the covariates, we also
performed a series of two-way analyses of variance (ANOVA)
to determine if there was an interaction effect of the SNP with
diagnosis, APOE ε4 status and gender on the unadjusted
average PiB uptake. No significant interaction was observed
at the 0.05 level (data not shown).

Two analyses were performed to examine the possible
influence of population stratification. First, the analysis was
performed with only the 95 non-Hispanic Caucasian
participants. Similar to the analysis of all 103 participants,
the DHCR24 gene was identified, but with a slightly
attenuated signal (empirical gene-based p=0.0167, uncor-
rected). rs7551288 was again found to be the only SNP
within the gene significantly associated with the average
PiB uptake (p=0.0090, uncorrected). Second, we also
repeated the analysis using the first two principal compo-

Fig. 2 Comparison of average PiB uptake from four brain regions in the
three genotype groups (GG, AG and AA) of rs7551288. ‘A’ represents the
minor allele and ‘G’ represents the major allele of this SNP

Table 3 Summary output of the
gene-based association
analysis of amyloid-pathway
associated candidate genes
obtained from PLINK

SNP single nucleotide polymor-
phism; LD linkage
disequilibrium; N/A not applicable

Gene Number of
SNPs in
gene

Number of
significant
SNPs (p<0.05
from the SNP
quantitative trait
analysis)

Number of significant
SNPs also passing
LD-based criterion
(r2≤0.5)

Empirical
gene-based
p-value

List of
significant
SNPs

ABCG1 47 1 1 0.2398 rs3788010

APBB1 4 0 0 1 N/A

APBB2 61 2 1 0.7571 rs7665863

APP 30 0 0 1 N/A

BACE1 5 0 0 1 N/A

BACE2 20 0 0 1 N/A

BCHE 6 0 0 1 N/A

CHRNA7 14 0 0 1 N/A

COL25A1 57 0 0 1 N/A

DHCR24 3 1 1 0.00488 rs7551288

IDE 5 0 0 1 N/A

NCSTN 1 0 0 1 N/A

PSEN1 1 0 0 1 N/A

PSEN2 2 0 0 1 N/A

SOAT1 16 3 1 0.2989 rs2265932
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nents from EIGENSOFT as covariates. Again, the DHCR24
gene (empirical gene-based p=0.0222) and the rs7551288
SNP (p=0.0110, uncorrected) remained significantly asso-
ciated with average PiB uptake.

Power calculations

APOE ε4 status, the strongest AD-associated genetic risk
factor, accounts for approximately 12.84% of the variation
in average PiB uptake, when accounting for covariates. The
identified SNP (rs7551288) in the DCHR24 gene accounts
for an additional 6.65% of the variation in average PiB
uptake. We calculated that with the present sample size of
103 participants, we had 80% power to detect 18.5% of
variation in average PiB uptake explained by genetic
factors.

Whole brain voxel- and cluster-wise analysis

Similar to the gene-based association analysis using the ROI
approach, a multiple regression was performed to determine
the additive effect of the minor allele (A allele) of rs7551288
on a voxel- and cluster-wise level. Age at time of scan, gender,
diagnosis at time of scan and presence/absence of APOE ε4
allele were used as covariates in this analysis. Higher mean
PiB uptake in participants with the GG genotype group
compared to participants with the AG and AA genotype
groups (additive model: GG>AG>AA) was found in frontal

regions (p<0.001, uncorrected; k=50 voxels; Table 4). To
illustrate the topography of amyloid deposition associated
with this SNP in an unbiased manner, sagittal brain images
are presented at p<0.005 (uncorrected) in Fig. 3. All voxels
in the voxel-level analysis were significant after FDR
correction (pFDR-corr=0.044). In the cluster-level analysis,
two clusters in the left middle frontal gyrus (MNI peak value
coordinates: x=−22, y=−10, z=64; k=271 voxels) and the
left medial frontal gyrus (MNI peak value coordinates: x=−2,
y=54, z=22; k=295 voxels) were observed to be significant
after random field theory correction (pcorr=0.038 and 0.028
respectively) and FDR correction (FDR q=0.067 for each of
the two clusters). No regions were observed at the same
statistical threshold in the reverse contrast. These results are
similar to those obtained in the gene-based association
analysis but provide a spatially unbiased illustration of the
distribution of PiB uptake differences as a function of
DHCR24 genotype.

Discussion

A quantitative phenotype approach to genetic association
studies offers the advantage of increased power and conse-
quently requires smaller sample sizes to detect significant
genetic effects as compared to a traditional case-control design
(Potkin et al., 2009). This methodology has been used within
ADNI to identify novel loci associated with several AD

Table 4 Brain regions showing increased PiB uptake in 35 participants
(5 AD, 25 MCI, 5 HC) with no minor allele (GG genotype) compared to
50 participants (13 AD, 25MCI, 12 HC) with one (AG genotype) and 18

participants (7 AD, 6 MCI, 5 HC) with two (AA genotype) minor alleles
(p<0.001, uncorrected; cluster size=50 voxels)

Region Brodmann Area Peak value coordinates (mm) Voxel-level Cluster-level

x y z T value pFWE-corr k puncorr pcorr

Right middle frontal gyrus BA9 52 8 40 4.40 0.232 166 0.022 0.157

Right sub-gyral BA6 20 −6 62 4.08 0.507 65 0.128 0.637

Left precentral gyrus BA4 −36 −18 52 3.93 0.663 73 0.109 0.576

Left middle frontal gyrus BA6 −22 −10 64 3.88 0.717 271 0.005 0.038

Left inferior frontal gyrus BA45 −54 14 24 3.88 0.725 75 0.105 0.562

Left inferior frontal gyrus BA47 −44 30 −8 3.84 0.763 150 0.028 0.197

Left precentral gyrus BA9 −38 10 40 3.83 0.766 68 0.121 0.614

Left medial frontal gyrus BA9 −2 54 22 3.80 0.801 295 0.004 0.028

Right precentral gyrus BA44 60 4 8 3.73 0.857 98 0.067 0.412

Right inferior frontal gyrus BA47 44 22 −4 3.59 0.942 74 0.107 0.569

Right superior frontal gyrus BA8 22 20 56 3.57 0.951 113 0.051 0.333

Left superior frontal gyrus BA9 −14 52 28 3.52 0.968 92 0.075 0.447

Left medial frontal gyrus BA8 −4 36 44 3.44 0.984 56 0.156 0.708

pFWE-corr=Voxel-level p-value after family-wise error correction; k=number of voxels in cluster; puncorr=Cluster-level uncorrected p-value; pcorr=
Cluster-level p-value after random field theory correction

All voxels are significant after false discovery rate (FDR) correction (p=0.044)

Clusters that are significant after random field theory and FDR correction (FDR q=0.067) are indicated in bold
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phenotypes, including: hippocampal atrophy (Potkin et al.,
2009), temporal lobe structure (Stein et al., 2010), brain-wide
imaging phenotypes (Shen et al., 2010) and cerebrospinal
fluid measures (Han et al., 2010; Kim et al., 2011).

To our knowledge, this report represents the first study to
use PiB-PET data as a quantitative phenotype to identify
genes other than APOE (Drzezga et al., 2009; Morris et al.,
2010; Reiman et al., 2009) that are possibly associated with
fibrillar amyloid burden, and hence probable AD suscepti-
bility. 103 participants in the ADNI cohort had PiB-PET
scans, and an automated ROI template extraction method
was applied to sample different brain areas. The average
normalized PiB uptake values from anterior cingulate,
frontal cortex, parietal and precuneus regions are often
used to classify individuals as having either positive or
negative amyloid deposition (Jagust et al., 2010). Because
these regions are robust indicators of plaque burden as
indicated by amyloid deposition, a single overall averaged
PiB value of these four regions was hypothesized to
represent a suitable quantitative phenotype for genetic
analyses.

Given the modest sample size (103 ADNI participants)
that had both genotype and phenotype data, we employed a
targeted gene-based approach, using an additive model to
identify genes associated with the average PiB uptake. We
focused our analysis on amyloid-associated genes that were
previously studied for association with AD. An intronic
SNP (rs7551288) in the DHCR24 gene on chromosome 1
was found to be significantly associated with the average
PiB uptake. This SNP appeared to have a protective effect,
as the presence of the minor allele (A allele) was associated
with a lower average PiB uptake and hence lower amyloid
burden (Fig. 2). Despite the modest available sample of 103
participants, the present study had the power to detect
genetic effects that explain almost 7% of the variation in
average PiB uptake after controlling for covariates used in
the analyses. We believe this is quite substantial for an
imaging genetics effect.

To determine if the DHCR24 gene and, in particular, the
rs7551288 SNP had an effect on other brain regions, a

whole brain voxel- and cluster-wise analysis with this SNP
was also performed. We investigated whether there were
brain regions where there was increased PiB uptake in
participants with no copies of the minor allele (GG
genotype) compared to those who had one copy (AG
genotype) or two copies of the minor allele (AA genotype).
The results were similar to those obtained in the gene-based
association analysis. Non-carriers of the minor allele (GG
genotype) had higher PiB uptake in the frontal regions
compared to carriers of the minor allele (AG and AA
genotypes) (Fig. 3, Table 4). The frontal cortical areas are
regions known to have higher PiB retention in AD patients
compared to controls (Jack et al., 2008; Kemppainen et al.,
2006; Klunk et al., 2004). Amyloid deposition has been
shown to first occur in the cortical areas, followed by
accumulation in the entorhinal region (Thal, Rüb, Orantes,
& Braak, 2002). We did not observe any differences in PiB
uptake between the genotype groups in the hippocampal
regions. This is consistent with previous reports (Jack et al.,
2008; Kemppainen et al., 2006; Klunk et al., 2004) which
did not find differences in PiB uptake in the medial
temporal lobe in AD patients compared to controls. The
current results, which show that the DHCR24 gene is
associated with frontal amyloid burden, suggest that this
gene may play a role in the pathogenesis of AD.

The DHCR24 (24-dehydrocholesterol) gene (also known
as seladin-1 or SELective AD INdicator-1) encodes the
enzyme 3-β-hydroxysterol δ-24-reductase. This enzyme
catalyzes the reduction of the δ-24 double bond in
desmosterol to produce cholesterol. The gene was initially
identified by a differential mRNA display approach (Greeve
et al., 2000). Reduced mRNA and protein expression of this
gene was found in the inferior temporal lobe compared with
the frontal cortex in AD brains. This was in contrast to
brains from normal, non-demented control participants,
where no differences in mRNA and protein expression were
detected among these brain regions. These findings suggest
a disease-related alteration in DHCR24 expression.

The DHCR24 gene is thought to interact with cholesterol,
estrogen and insulin-like growth factor 1 (IGF1) (Peri et al.,

Fig. 3 Visualization of the
results of statistical parametric
mapping analysis. The
regions with significantly
(uncorrected p<0.005, cluster
size=50 voxels) increased
PiB uptake in 35 participants
with the GG genotype group
compared to 50 participants with
the AG and 18 participants
with the AA genotype groups
are shown in color. The red-to-
yellow scale indicates increasing
statistical significance of
differences in PiB uptake
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2009). The authors of that study have proposed a “circular”
model in which DHCR24 expression is stimulated by
estrogen, which, in turn, increases cholesterol synthesis.
This leads to increased expression of steroidogenic acute
regulatory protein (StAR), which regulates the move-
ment of cholesterol from the outer to the inner
mitochondrial membrane, and is thus important for the
initiation of steroid synthesis. Genetic variations in the
TOMM40 (translocase of outer mitochondrial membrane
40) gene have been associated with AD (Kim et al., 2011;
Potkin et al., 2009; Roses et al., 2010; Shen et al., 2010),
thus suggesting a possible role for mitochondria in AD
pathogenesis. The synthesis of cholesterol induces the
synthesis of estradiol, which in turn stimulates the
expression of DHCR24. This may happen via IGF1, as
estradiol increases IGF1 release, which binds to IGF1
receptors and stimulates the expression of DHCR24.

The DHCR24 gene appears to play a neuroprotective
role. It has been shown to confer resistance to Aβ and
oxidative stress-induced apoptosis by inhibiting caspase-3
activation, a key mediator of apoptosis (Greeve et al.,
2000). Recently, Sarajärvi et al. elucidated the possible
molecular mechanisms that could be related to DHCR24
down-regulation in the AD brain (Sarajärvi et al., 2009).
The authors found that in SH-SY5Y human neuroblastoma
cells under apoptotic conditions, reduced DHCR24 expres-
sion resulted in increased caspase-3 activity and enhanced
depletion of the BACE1 (beta-site APP-cleaving enzyme-
1)-sorting protein GGA3 (golgi-associated, gamma adaptin
ear containing, ARF binding protein 3). This resulted in
increased BACE1 protein levels, leading to enhanced β-
amyloidogenic processing of APP and increased Aβ
production. It is important to note that no changes in
GGA3 or BACE1 levels were observed with reduced
DHCR24 expression under normal growth conditions.
These findings may be important, as oxidative stress-
induced apoptosis is thought to play a key role in AD
pathogenesis (Loh, Huang, De Silva, Tan, & Zhu, 2006). To
investigate the genetic association of the DHCR24 gene
with AD, Lamsa et al. genotyped four SNPs in 414 Finnish
AD cases and 459 controls, and performed allelic and
haplotype association analyses (Lämsä et al., 2007). They
were able to identify a risk allele, as well as risk and protective
haplotypes, and concluded that the gene may be associated
with AD. The AlzGene database (Updated 18 April 2011) lists
three case-control studies for the DHCR24 gene (http://www.
alzgene.org/geneoverview.asp?geneid=515). Four polymor-
phisms (rs638944, rs600491, rs718265 and rs7374) were
investigated in these studies. However, a meta-analyses of
these polymorphisms has not been performed to date. Thus,
the results in the current study support the hypothesis of a
neuroprotective role of DHCR24. Further analysis in
independent cohorts is warranted.

It is important to note some limitations of the present
study. Only 103 ADNI participants had initial PiB-PET
scans as well as genotype data, which is a modest sample
size for genetic analysis. In the next phases of ADNI
(ADNI-GO and ADNI-2), all participants will receive
amyloid PET imaging with the [18F]-labeled amyloid
imaging agent, Florbetapir, providing additional opportuni-
ties to examine genetic influence on amyloid deposition in
a larger sample. ADNI-GO and ADNI-2 will also recruit a
cohort of very mild, early MCI (EMCI) participants. These
individuals differ from the late MCI (LMCI) individuals in
the ADNI-1 cohort in that they have more mild memory
impairments that may represent an earlier prodromal
manifestation of AD. Thus, a larger and more diverse
sample would be available to perform a similar gene-based
analysis, as well as a whole-genome analysis. Even with the
limited number of samples, a previously associated AD
gene (DHCR24) and an intronic SNP (rs7551288) within
this gene were identified in the present analysis, highlight-
ing the potential of using a quantitative imaging phenotype
to identify gene regions that may be associated with disease
pathology. The present findings support the hypothesis of a
neuroprotective role of this gene based on prior indepen-
dent research, and indicate the potential importance of
further investigation of this gene in larger cohorts.

Another limitation is the criteria used to select genes and
SNPs for the analyses. Genes associated with the amyloid
pathway were selected from a single database (Gene
Ontology). It is possible that we may have missed other
amyloid-associated genes not represented in this database.
In order to reduce the incidence of false positives, we
selected SNPs that had a minor allele frequency >20% and
thus excluded less common variants that may play a
significant role in amyloid deposition. Deep-sequencing of
the gene regions analyzed in the present study may help to
identify other variants that may mediate amyloid-associated
AD pathology. Finally, the inclusion of the presence of
APOE ε4 genotype status as a covariate may have
attenuated the magnitude of the effect for DHCR24.
Nonetheless inclusion of APOE lends support to the
hypothesis that DHCR24 contributes new information with
regard to AD mechanisms and risk.

Conclusion

In sum, we analyzed the association between variation in
selected amyloid-pathway genes and PiB-PET measures of
fibrillar amyloid deposition in the ADNI cohort. The
analysis identified an intronic SNP (rs7551288) in the
DHCR24 gene that was associated with PiB uptake. The
SNP appeared to have a protective effect against amyloid
deposition in brain regions known to have preferential
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amyloid plaque burden in AD, consistent with earlier
reports of a neuroprotective role of this gene. Replication
of this finding in independent cohorts and targeted analysis
of this gene are warranted to further evaluate its role in AD
susceptibility. These findings encourage further use of
pathway-based genetic analysis of targeted molecular
imaging phenotypes. This approach appears promising for
helping to elucidate disease pathophysiology and may
identify potential therapeutic targets.
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