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Abstract Rare variants of phospholipase D3 (PLD3) have
been identified as Alzheimer’s disease (AD) susceptibility lo-
ci, whereas little is known about the potential role of common
variants in the progression of AD. To examine the impact of
genetic variations in PLD3 on neuroimaging phenotypes in a
large non-demented population. A total of 261 normal cogni-
tion (NC) and 456 mild cognitive impairment (MCI) individ-
uals from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database are included in our analysis. Multiple linear
regression models were applied to examine the association
between four single-nucleotide polymorphisms (SNPs;
rs7249146, rs4490097, rs12151243, and rs10407447) with
the florbetapir retention on florbetapir 18F amyloid positron

emission tomography (AV45-PET), the cerebral metabolic
rate for glucose (CMRgl) on 18F-fluorodeoxyglucose PET
(FDG-PET), and regional volume on magnetic resonance im-
aging (MRI) at baseline and in the cohort study. We did not
detect any significant associations of PLD3 SNPs with
florbetapir retention on AV45-PET. In the analysis of FDG-
PET, rs10407447 was associated with the CMRgl in the left
angular gyrus and bilateral posterior cingulate cortex in the
MCI group. Regarding the MRI analysis, rs10407447 was
also associated with bilateral inferior lateral ventricle and lat-
eral ventricle volume in MCI group. The main findings of our
study provide evidence that support the possible role of PLD3
common variants in influencing AD-related neuroimaging
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phenotypes. Nevertheless, further work is necessary to explain
the functional mechanisms of differences and confirm the
causal variants.

Keywords Alzheimer’s disease .PLD3 . Neuroimaging .
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Introduction

Genetic risk factors have long known to play an impor-
tant role in the development of Alzheimer’s disease
(AD) [1–3]. To date, several genetic variants are known
to increase the risk for the late-onset AD including
those in the CLU, PICALM, and CR1 genes and most
notably the ε4 allele of the APOE gene [4–6]. Recently,
rare functional coding variants in phospholipase D3
(PLD3) gene have been identified to be significantly
associated with AD risk using whole-exome sequencing
method [7]. A single variant rs145999145 (Val232Met)
segregates with disease status in two independent fami-
lies and is validated to increase AD risk in seven inde-
pendent series of European descent. Subsequently, addi-
tional variants in PLD3 are also observed to increase
risk for AD through gene-based burden analysis [7].
These evidences strongly support PLD3 as an AD risk
gene. In this case, we hypothesize that common variants
on commercially available genotyping chips, may also
play an important role in AD.

New neuroimaging analysis methods are now being used to
clarify the genetics of AD pathology, risk, and variability in
human [8]. Unlike the dichotomous clinical diagnosis, neuro-
imaging phenotypes can capture more of the underlying her-
itable trait variation and provide a more direct measurement
toward characterizing genetic effects on brain structure and
function [8]. Thus, genetic analysis of neuroimaging pheno-
types may detect novel common variants of PLD3 involved in
AD susceptibility.

AD develops following a long pre-clinical phase consisting
of mild symptoms, and the pathophysiological processes of
AD begin many years prior to the diagnosis of AD [9, 10].
Given that PLD3 is related to AD, it remains unclear whether
this gene also plays a role in the preclinical phase of AD.
Knowledge on this would provide important confirmation of
a role for genetic variations of PLD3 and enhance associations
for susceptibility alleles. Additionally, genetic factors might
play different roles at different levels of disease severity. In our
study, we examined the impact of common variants at the
PLD3 loci in normal cognition (NC) and mild cognitive im-
pairment (MCI) population separately, from Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI).

Materials and Methods

Participants

The data used in this article were obtained from the ADNI
database. All ADNI studies were carried out in accordance
with the Good Clinical Practice guidelines, the Declaration
of Helsinki, and the US 21 CFR Part 50 (Protection of Human
subjects) and Part 56 (Institutional Review Boards). This
study was approved by the Institutional Review Boards of
all participating sites at their respective institutions. Written
informed consent was obtained from all ADNI participants
before the study. ADNI is a longitudinal multisite study
launched in 2003 by the National Institute on Aging (NIA),
the National Institute of Biomedical Imaging and Bioengi-
neering (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies, and non-profit organiza-
tions with over 50 sites across the USA and Canada (http://
adni.loni.usc.edu/). The primary goal of ADNI has been to
examine whether serial MRI, PET, other biological markers,
and clinical and neuropsychological assessment 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. The initial
goal of ADNI was to recruit 800 subjects, but ADNI has been
followed by ADNI-GO and ADNI-2. To date, these three
protocols have recruited over 1500 adults to participate in
the research, consisting of cognitively normal older individ-
uals, individuals with early or late MCI, and individuals with
early AD. The follow-up duration of each group is specified in
the protocols for ADNI-1, ADNI-2, and ADNI-GO. Subjects
originally recruited for ADNI-1 and ADNI-GO had the option
to be followed in ADNI-2.

Participants were enrolled based on criteria outlined in the
ADNI protocol (http://www.adni-info.org/scientists/
adnistudyprocedures.aspx). Participants genotyped in both
ADNI-1 and ADNI-2/GO were included. Participants were
categorized at baseline as NC, MCI, and AD. More informa-
tion on diagnostic criteria utilized is available on ADNI
website. Here, we restricted the study to NC andMCI subjects
whose genotype data of PLD3 single-nucleotide polymor-
phisms (SNPs; 812 individuals) were available. Population
structure was assessed by performing principal component
analysis (PCA) to avoid population stratification effects which
can lead to spurious genetic associations. We assigned
genotype-determined ancestry by comparing ADNI patients
and populations form HapMap Phase 3 data. Only individuals
clustering with European HapMap samples were retained for
analysis. As presented in Supplementary Fig. S1, 48 individ-
uals identified as of non-European ancestry were excluded.
The final dataset for the present analysis comprised 713

4344 Mol Neurobiol (2016) 53:4343–4351

http://adni.loni.usc.edu/
http://adni.loni.usc.edu/
http://www.adni-info.org/scientists/adnistudyprocedures.aspx
http://www.adni-info.org/scientists/adnistudyprocedures.aspx


individuals, including 261 NC and 456MCI at baseline. Base-
line and longitudinal data including structural MRI and PET
were collected as parts of this study. Furthermore, all partici-
pants underwent a battery of baseline clinical tests including
Clinical Dementia Rating Scale Sum of Boxes (CDRSB), the
Alzheimer’s Disease Assessment Scale 11 (ADAS11), the
Alzheimer’s Disease Assessment Scale 13 (ADAS13), the
Mini-Mental State Examination (MMSE), the Rey’ Auditory
Verbal Learning Test (RAVLT), and Functional Activities
Questionnaire (FAQ).

Genotyping

In our study, we used the results from direct genotyping of
SNPs in PLD3 that was conducted as part of the Genome-
Wide Association Study (GWAS) of ADNI. The GWAS data
was collected from ADNI-1 participants using Illumina
Infinium Human610-Quad BeadChip (Illumina, Inc., San
Diego, CA), and ADNI-2/GO participants using Illumina Hu-
man Omni Express BeadChip. Optimized tag SNP content
from all three HapMap phases was strategically selected to
capture the greatest amount of common SNP variation [11].
SNP genotypes were generated in Illumina BeadStudio soft-
ware v3.2 from bead intensity data. The quality control (QC)
procedures were performed using PLINK software. We ex-
cluded SNPs with the following characteristics: minimum call
rates <95 %, minimum minor allele frequencies <0.01, and
Hardy–Weinberg equilibrium test p<1×10−6. After QC pro-
cedures, four tag SNPs in the intron of PLD3 (rs7249146,
rs4490097, rs12151243, rs10407447) remained for data anal-
ysis. In addition, we determined the linkage disequilibrium
(LD) and detailed other information of the selected SNPs from
phase 1 of the 1000 Genomes Project. LD plot containing 22
SNPs for PLD3 was generated from 1000 Genomes genotyp-
ing data for the European individuals using Haploview 4.2
software. We also included the previously reported rare vari-
ants (rs145999145 and rs4819) in the LD plot for comparison.

Neuroimaging

We used the analyzed data of 18F-AV45-PET and the CMRgl
on FDG-PET that had been processed at the Jagust Lab, the
University of Berkeley. A detailed description of PET image
acquisition and processing can be found at http://adni.loni.usc.
edu/data-samples/pet/. For AV45-PET, mean florbetapir
uptake within four cortical regions (frontal, angerior/
posterior cingulate, lateral parietal, and lateral temporal) was
extracted. Cortical standardized uptake value ratios (SUVRs)
were calculated by averaging across the four cortical regions
and dividing this average by whole cerebellum. Each mean
florbetapir uptake of the four main regions and cortical SUVR
were used for analysis. The final AV45-PET analyses com-
prised 619 individuals (220 NC and 399 MCI) with baseline

AV45-PET and corresponding genetic data. For longitudinal
analysis, we calculated the 2-year changes of AV45-PET in
340 individuals (119 NC and 221 MCI).

The FDG uptake for each subject was determined within a
set of pre-defined regions of interest (metaROIs) based on a
literature review [12]. PET images were spatially normalized
in Statistical Parametric Mapping (SPM) to the MNI PET
template. We extracted the mean counts from the five
metaROIs (left angular gyrus, right angular gyrus, bilateral
posterior cingular, left inferior temporal gyrus, right inferior
temporal gyrus) for each subject’s FDG scans at each time
point, computing the intensity values with SPM subroutines.
Finally, we intensity-normalized each metaROI mean by di-
viding it by pons/vermis reference region mean. The final
FDG-PET analyses comprised 574 individuals (193 NC and
381 MCI) with baseline FDG-PET and corresponding genetic
data. We also calculated the 2-year changes of CMRgl on
FDG-PET for longitudinal analysis (363 individuals including
127 NC and 236 MCI).

The high-quality data of structural volumetric MRI were
available in the ADNI data archive provided by the University
of California, San Francisco (UCSF) medical center. Volumes
of 119 brain regions were calculated in FreeSurfer (in cubic
millimeters) for each subject in the dataset at each time point.
In present study, we focused on the most discriminant ROIs
that had been found to be strongly associated with AD based
on a literature search. These selected regions were the hippo-
campus, the entorhinal cortex, primary temporal cortex areas,
cingulate cortex, amygdala, thalamus, caudate, and lateral
ventricle. There were 327 subjects (127 119 NC and 217
208 MCI) with baseline imaging volumes from UCSF and
corresponding genetic data included in the MRI analysis. Ad-
ditionally, it has been demonstrated that atrophy in the hippo-
campus and entorhinal cortex of the temporal lobes were the
earliest sites associated to evidences of AD. Thus, we also
calculated 1-year percent volumetric changes of hippocam-
pus, entorhinal cortex, and temporal cortex (including superi-
or temporal gyrus, middle temporal gyrus, inferior temporal
gyrus, and temporal pole) using baseline and 1-year imaging
data (divide 1-year changes by baseline) for longitudinal anal-
ysis (322 individuals, including 116 NC and 206 MCI).

Statistical Analysis

Demographic characteristics of our subjects were presented
using means and standard deviations (SDs) for continuous
variables and proportions for categorical variables. Demo-
graphics and genotypic frequencies were compared using t
test or chi-square tests. Each of the four SNPs was examined
for associations with the neuroimaging endophenotypes for
each diagnostic group separately (NC and MCI). A multiple
linear regression model was applied to examine the indepen-
dent associations and the dosage effect of each minor allele

Mol Neurobiol (2016) 53:4343–4351 4345

http://adni.loni.usc.edu/data-samples/pet/
http://adni.loni.usc.edu/data-samples/pet/


(0=major allele homozygotes, 1=heterozygous, 2=minor al-
lele homozygotes) between SNPs and quantitative phenotypes
controlling for the covariates, which were baseline age, gen-
der, years of education, and number of APOE ε4 allele for
each diagnostic group separately. We used the IBM SPSS
software (version 19.0 for Windows; Chicago, IL, USA) for
statistical analyses. We applied correlation matrix analysis to
calculate potential association between all phenotypes. As
presented in Supplementary Tables S1, S2, and S3, correlation
matrix analysis revealed limited association between pheno-
types (correlation coefficient range, 0.92 to 0.98 for AV45-
PET, 0.6 to 0.85 for FDG-PET, −0.5 to 0.93 for MRI), sug-
gesting that independent analysis was needed for association
with genetic variants. All results were reported as nominally
significant if a raw P value is <0.05. To account for multiple
testing, we performed a Bonferroni correction (Pc) for the
number of tests applied in each analysis.

Results

Linkage Disequilibrium Analysis

A representation of PLD3 genomic organization and LD pat-
terns, as well as the SNPs evaluated in the present study, is
depicted in Fig. 1. SNP rs7249146 was located in the up-
stream of PLD3 gene, and the other three (rs4490097,
rs12151243 and rs10407447) were located in the intron. LD
analysis revealed that there were four blocks in the PLD3
gene. The selected SNPs distributed from block 1 to block 3,
confirming that these SNPs could capture most of common
variants in PLD3. Rs4490097 and rs12151243 were in the
same LD block (block 2). Furthermore, we found that these
four SNPs were not in LD with the previously reported rare
variants (rs145999145 and rs4819) which conferred risk for
AD.

Demographic and Clinical Characteristics

Subject demographics, cognitive status, and SNP distributions
of NC and MCI groups are summarized in Table 1. The MCI
individuals were significantly younger than NC (p<0.01).
Gender and education did not vary significantly between the
different groups. As expected, frequency of the APOE ε4
allele was significantly higher in MCI patients than NC.
CDRSB (P<0.01), ADAS11 (P<0.01), ADAS13 (P<0.01),
MMSE (P<0.01), RAVLT (P<0.01), and FAQ (P<0.01)
score differed significantly by diagnostic group with better
performance in the expected direction of NC>MCI.

The MCI group had hippocampal volumes that were sig-
nificantly smaller as compared to those of the NC group
(P<0.01). Furthermore, no significant differences in the

frequency of four SNPs in the MCI individuals were detected
compared with NC in this study.

Impacts of PLD3 Genetic Variants on AV45-PET
and FDG-PET

In the analysis of AV45-PET, no SNPs showed significant
effects on florbetapir retention in the four main regions (fron-
tal, angerior/posterior cingulate, lateral parietal, lateral tempo-
ral), as well as the cortical SUVR (Supplementary Table S4).
Likewise, we did not detect any significant associations on the
changes over 2 years of these regions in the NC and MCI
groups.

Regarding the FDG-PET analyses, only rs10407447 was
associated with the CMRgl on FDG-PET in the left angular
gyrus and bilateral posterior cingulate cortex in theMCI group
(P=0.042 and P=0.028, respectively) (Supplementary
Table S5). The differences in these traits among individuals
with different genotypes are presented in Fig. 2. The minor G
allele carriers of rs10407447 had higher CMRgl in both the
left angular gyrus and bilateral posterior cingulate cortex, with
the dosage effect of G allele (AA<GA<GG). However, no
association remained statistically significant after Bonferroni
correction. We did not detect any significant association for all
SNPs on the CMRgl percent changes over 2 years (Supple-
mentary Table S6).

Impacts of PLD3 Genetic Variants on Regional Volume

A number of regional volumes, including lateral ventricle,
inferior lateral ventricle, and caudate, were identified to have
strong associations with two SNPs (rs10407447 and
rs12151243), independent of APOE, in the structural MRI
analyses (Supplementary Tables S5 and S7). There was a sig-
nificant association between rs10407447 and baseline right
and left lateral ventricle volumes in the MCI group (Pc=
0.032 and Pc=0.048, respectively, Fig. 3). Rs10407447 minor
G allele carriers had smaller lateral ventricle volume than A
allele homozygotes subjects in the MCI group (AA>GA>
GG). In addition, rs10407447 was also significantly associat-
ed with baseline right and left inferior lateral ventricle volume
in MCI group (Pc=0.004 and Pc=0.02, respectively, Fig. 4),
with minor G allele carriers showing smaller inferior lateral
ventricle volume (AA>GA>GG). We also detected an asso-
ciation between rs10407447 and right hippocampus volume
in the MCI group (P=0.023). However, this finding was not
significant after the Bonferroni correction (Pc=0.092).

Both the right (P=0.018) and left (P=0.014) caudate vol-
umes were found to be nominally associated with rs12151243
in the NC group (Fig. 5). However, no association remained
statistically significant after Bonferroni correction. A trend for
a relationship was observed in the left caudate volumes, which
did not reach statistical significance (Pc=0.056). The minor T

4346 Mol Neurobiol (2016) 53:4343–4351



Fig. 1 PLD3 genomic
organization and linkage
disequilibrium plot. a PLD3
genomic organization. Exons are
presented as gray blocks; linkage
disequilibrium blocks are
indicated by dotted box. The
SNPs analyzed in the present
study and the previously reported
SNPs are indicated by arrows
according to their genomic
position. The reported SNPs are
also indicated by dotted box. b
Linkage disequilibrium plot. The
SNPs analyzed in the present
study are indicated by black box;
the reported SNPs are indicated
by dotted box

Table 1 Demographic and
clinical characteristics Number NC Number MCI P value

Age (years) 261 74.68±5.48 456 72.48±7.37 <0.01

Gender (men/women) 261 131/130 456 271/185 0.06

Education (years) 261 16.42±2.64 456 16.01±2.84 0.074

APOE ε4 (0/1/2) 259a 187/66/6 453a 247/167/39 <0.01

CDRSB 261 0.03±0.13 456 1.43±0.85 <0.01

ADAS11 261 5.82±2.90 456 9.50±4.39 <0.01

ADAS13 261 9.11±4.21 456 15.14±6.90 <0.01

MMSE 261 29.07±1.16 456 27.91±1.67 <0.01

RAVLT total 261 44.58±10.14 456 36.16±10.92 <0.01

FAQ 261 0.17±0.66 456 2.76±3.97 <0.01

Hippocampus (mm3) 237b 7315.57±891.77 396b 6991.99±1132.78 <0.01

Genotypes

rs7249146 (TT/CT/CC) 261 110/123/28 456 200/202/54 0.746

rs4490097 (AA/CA/CC) 260c 90/128/42 453c 146/231/76 0.809

rs12151243 (GG/TG/TT) 261 177/77/7 456 316/124/16 0.697

rs10407447 (AA/GA/GG) 261 184/73/4 455d 315/127/13 0.532

Data are presented as means±SD for continuous variable and proportions for categorical variables. P value
indicates the value for the main effect of each group, as assessed with analyses of t test or chi-square tests

NC normal cognition, MCI mild cognitive impairment, CDRSB Clinical Dementia Rating Scale Sum of Boxes,
ADAS Alzheimer’s Disease Assessment Scale, MMSE Mini-Mental State Exam, RAVLT Rey Auditory Verbal
Learning Test, FAQ Functional Activities Questionnaire
a Two NC and three MCI lack corresponding APOE ε4 data
b Twenty-four NC and 60 MCI lack corresponding Hippocampus volume data
c One NC and three MCI lack the genotyping data of rs4490097
dOne MCI lacks the genotyping data of rs10407447
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allele carriers showed significant smaller caudate volume with
the dosage effect of T allele (GG<TG<TT). We did not detect
any significant association for all SNPs on the regional vol-
ume percent changes over 1 year from the longitudinal anal-
ysis (Supplementary Table S7).

Discussion

PLD3, also known as Hu-K4, is located at chromosome
19q13.2 and encoded the PLD3 protein which is highly
expressed in neurons [13]. Some rare variants of PLD3 have
been identified as AD susceptibility loci, whereas little is
known about the potential role of common variants in the

progression of AD. To our knowledge, this is the first study
which finds effects of common variations at the PLD3 locus
on neuroimaging phenotypes in non-demented elderly
subjects.

Cerebral amyloid deposition, as caused by altered process-
ing of amyloid precursor protein (APP), is considered to be a
primary etiologic factor in AD. AV45-PET imaging is corre-
lated with the presence and deposition of Aβ and has been in
wide use as a research biomarker of AD [14]. More remark-
ably, a recent study found that PLD3 appeared to be involved
in the processing of APP independently [7]. Therefore, genetic
variations of PLD3 might influence the cortical amyloid de-
position by modifying the expression of PLD3. In our study,
no significant effect was detected for all tested SNPs on

Fig. 2 The association of rs10407447 with baseline CMRgl on FDG-
PET in the MCI group. a The association of rs10407447 with CMRgl in
the left angular gyrus in the MCI group. b The association of rs10407447

with CMRgl in bilateral posterior cingular in the MCI group. FDG-PET,
18F-fluorodeoxyglucose positron emission tomography; MCI, mild cog-
nitive impairment; CMRgl, cerebral metabolic rate for glucose

Fig. 3 The association of rs10407447 with baseline lateral ventricle
volume in the MCI group. a The association of rs10407447 with right
lateral ventricle volume in the MCI group. b The association of

rs10407447 with left lateral ventricle volume in the MCI group. MCI,
mild cognitive impairment
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florbetapir retention. Nevertheless, these negative results also
needed additional validation in larger population samples.

To date, a large body of studies have investigated the effect
of APOE ε4 genotype on CMRgl and found significant dif-
ferences in many regions in APOE ε4 carriers compared to
non-carriers [15–17]. From the FDG-PETanalysis, our results
showed an effect of rs10407447 on CMRgl, independent of
APOE ε4 status, in angular gyrus and posterior cingulum of
the MCI individuals. The minor G allele carriers of
rs10407447 had higher CMRgl relative to non-carriers, and
a linear trend in mean CMRgl levels was observed. It should
be noted that both angular gyrus and posterior cingulate cortex
are typical areas of hypometabolism in early AD [18]. Angu-
lar gyrus, within the inferior portion of the posterior parietal
lobe, plays important roles in the allocation of visuospatial

attention [19]. Posterior cingulate cortex has been shown to
play a major role in memory function, and the associations of
the posterior cingular with medial temporal lobe (MTL) have
been demonstrated in previous studies [20, 21]. However, we
just found a nominal impact of PLD3 on CMRgl based on
available participants, and the negative results after multiple
testing corrections indeed limited the conclusions we can
draw. Even so, these results still indicated that rs10407447
may be critical in the CMRgl of angular gyrus and bilateral
posterior cingulate cortex and needed to be validated in stud-
ies with a larger sample size.

In regional volume analysis, rs10407447 also correlated
with bilateral inferior lateral ventricle and lateral ventricle vol-
ume, which had been proved to be affected by atrophy process
in subjects with AD and MCI [22, 23]. Progressive lateral

Fig. 4 The association of rs10407447 with baseline inferior lateral
ventricle volume in the MCI group. a The association of rs10407447
with right inferior lateral ventricle volume in the MCI group. b The

association of rs10407447 with left inferior lateral ventricle volume in
the MCI group. MCI, mild cognitive impairment

Fig. 5 The association of rs12151243 with baseline caudate volume in the NC group. a The association of rs10407447 with right caudate volume in the
NC group. b The association of rs10407447 with left caudate volume in the NC group. NC, normal cognition
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ventricular expansion could reflect atrophy of the surrounding
gray and white matter [24, 25]. Previous studies had indicated
that PLD3 was expressed at higher levels in brain, especially
in neurons, than in non-nervous tissues [26]. In the brain,
PLD3 was also observed to be involved in processes associ-
ated with cell innervation, neurotransmission, and neuronal
survival. PLD3 expression appeared to coincide with late neu-
ronal development in the hippocampus and the primary so-
matosensory cortex [26]. Although the common variant
rs10407447 is located in the intron of PLD3 gene, this SNP
might be in same LD block with functional variants and have
the power to affect the function or expression of PLD3 and
then affect the neuronal survival and atrophy progression. Of
note, rs10407447 was not in LD with the reported risk SNP
(rs145999145 and rs4819), indicating that its role cannot be
explained by the original rs145999145 or rs4819 association.

Previous MRI-based studies had repeatedly proved that
hippocampal atrophy was a recognized biological marker of
AD [24, 27]. We also provided weak evidence for the associ-
ation of rs10407447 and hippocampal volume in MCI indi-
viduals. Considering the prior evidence of its involvement in
CMRgl, rs10407447 seemed to be a highly associated candi-
date locus, especially in individuals with MCI. MCI was the
most commonly accepted prodromal AD stage. Therefore, our
findings provided valuable evidence that rs10407447 may be
an important mediator of glucose metabolism and structure
especially in these regions in the early stage of AD.

In addition, we identified an effect of one SNP
(rs12151243) on bilateral caudate volume in NC individuals.
The caudate volume was a highly heritable brain structure, so
it was a reasonable point for investigating genetic influences
on brain structure [28]. Remarkably, caudate had been found
implicated in subjects with AD and was strongly correlated
with the formation of new associations to acquire explicit
memories and motor learning [29]. Nevertheless, none of the-
se associations survived the multiple testing corrections. It
may be due to low-power, small sample sizes of the NC group,
further suggesting that it is important to validate the effects of
this SNP on these regions.

In our study, we also analyzed changes over 1 or 2 years on
florbetapir retention, CMRgl, and regional volume. However,
we did not find any significant results for longitudinal analy-
sis. The small number of participants in the longitudinal co-
hort was especially problematic for the negative results. An-
other possible explanation could be that the impact of genetic
variations might not be detected with a relatively short follow-
up. Therefore, future analyses in the growing ADNI cohort,
with greater numbers and longer follow-up of longitudinal
samples, will allow us to evaluate the effects of PLD3
variations.

Given the marginal P value after correction, additional rep-
lication of our findings with lager samples was necessary.
However, no available independent population for replication

limited the conclusions we can draw.Moreover, some variants
may be not covered by genotyping arrays of ADNI. The se-
lected SNPs in our study just distributed from block 1 to block
3 in the PLD3 gene, and none of them covered the fourth LD
block; thus, the PLD3 analysis was also limited by the un-
availability of more SNPs in ADNI dataset. Batch effects
which can be detected by principal components analysis are
common for genotyping arrays. However, we cannot acquire
sufficient information (e.g., batches for each sample) from the
ADNI dataset to evaluate batch effects in our study. Another
limitation of our study was that we just provided evidence for
association of genetic variants in PLD3, but we were unable to
know the mechanistic means by which they may change ex-
pression levels or protein structures or how they might affect
phenotypes. Unfortunately, no functional and expression data
were available in ADNI dataset. Future studies incorporating a
detailed expression of PLD3 would be more advantageous.

In summary, the main finding of the current study provide
here, for the first time, evidence supporting the possible role of
PLD3 common variants in influencing AD-related neuroim-
aging phenotypes. Therefore, these candidate loci can now
serve as a target of study in future large replication samples.
Nevertheless, further work is necessary to explain the func-
tional mechanisms of differences and confirm the causal
variants.
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