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Abstract

Brain aging is highly variable and represents a challenge to delimit aging from disease processes. Moreover, genetic

factors may influence both aging and disease. Here we focused on this issue and investigated effects of multiple genetic
loci previously identified to be associated with late-onset Alzheimer’s disease (AD) on brain structure of older adults

from a population sample. We calculated a genetic risk score (GRS) using genome-wide significant single-nucleotide
polymorphisms from genome-wide association studies of AD and tested its effect on cortical thickness (CT). We observed

a common pattern of cortical thinning (right inferior frontal, left posterior temporal, medial occipital cortex). To identify CT
changes by specific biological processes, we subdivided the GRS effect according to AD-associated pathways and performed
follow-up analyses. The common pattern from the main analysis was further differentiated by pathway-specific effects
yielding a more bilateral pattern. Further findings were located in the superior parietal and mid/anterior cingulate regions
representing 2 unique pathway-specific patterns. All patterns, except the superior parietal pattern, were influenced by
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apolipoprotein E. Our step-wise approach revealed atrophy patterns that partially resembled imaging findings in early stages
of AD. Our study provides evidence that genetic burden for AD contributes to structural brain variability in normal aging.
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Introduction

Aging of the brain is accompanied by a decline of cognitive
functions, the reorganization of functional networks, and struc-
tural atrophy (Reuter-Lorenz and Lustig 2005; Goh and Park 2009;
Park and Reuter-Lorenz 2009; Reuter-Lorenz and Park 2014). The
degree of such changes, however, is highly variable between
individuals and there is a continuous transition from normal
variability into clinically relevant states of disease (Pini et al.
2016). Late-onset Alzheimer’s disease (AD) is an increasingly
prevalent neurodegenerative disease that is associated with gray
matter (GM) atrophy (Karlawish et al. 2017). Since neurode-
generative and aging processes are influenced by genetic and
environmental factors, one may speculate to what extent these
factors contribute to brain variability observed in normal aging.

The apolipoprotein E gene (APOE) has been identified as the
first susceptibility locus for AD (Saunders et al. 1993, Strittmatter
et al. 1993). Genome-wide association studies (GWAS) have later
explored additional loci of AD (Sims and Williams 2016). Since
we aimed to focus on loci that show the highest probability
of being associated with AD, we preferred single-nucleotide
polymorphisms (SNPs) that provide genome-wide significance
and evidence for replication. In doing so, we selected SNPs
from GWAS of AD at 20 loci that harbor genes with functions
in 7 biological pathways (Guerreiro et al. 2013; Rosenthal and
Kamboh 2014; Karch and Goate 2015; Van Cauwenberghe et al.
2016; Table 1). The pathway cholesterol metabolism contains
4 AD associated gene loci (APOE, ABCA7, CLU, SLC24A4-RIN3)
from which APOE plays a role in cholesterol transport, neural
plasticity, and inflammation. Apolipoprotein precursor (APP)
metabolism shares 3 AD genes with cholesterol metabolism
(APOE, ABCA7, CLU), while 3 AD genes are different (INPP5D,
PICALM, SORL1). Microtubule-associated protein tau (MAPT)
metabolism comprises 3 AD genes (BIN1, CASS4, FERMT2) and
plays a key role in tau pathology. CASS4 and FERMT2 add up
with 2 other AD genes (CELF1, NMES) in the cytoskeleton/axon
development pathway. The immune response pathway harbors
8 AD gene loci (ABCA7, CLU, CR1,EPHA1, HLA-DRB5-DRB1, INPP5D,
MEF2C, MS4A6A) of which CR1, HLA-DRB5-DRB1, and MS4A6A
do not overlap with the other pathways. APP trafficking and
amyloid B clearance via clathrin-mediated endocytosis is a
pathway that integrates 8 AD gene loci (BIN1, CD2AP, EPHAL,
MEF2C, PICALM, PTK2B, SLC24A4-RIN3, SORL1) in which CD2AP
and PTK2B occur only here and BIN1 is shared with MAPT
metabolism. Epigenetics is the only pathway that includes
a single gene (ZCWPW1). Overall, the majority of AD genes
contribute to 2 or more pathways suggesting that specific gene
functions are linked in AD pathogenesis.

Several studies have used a genetic risk score (GRS) approach
to characterize effects of these loci in parallel and found associa-
tions with cognitive decline, hippocampal volume loss in young
individuals, and in population life-span cohorts as well as in
patients with mild cognitive impairment (MCI) or dementia, for
whom also a relation to AD pathology and clinical progression
has been demonstrated (Martiskainen et al. 2015; Habes et al.
2016; Harrison et al. 2016; Louwersheimer et al. 2016; Lupton
et al. 2016; Mormino et al. 2016). However, another study has

found no association between a GRS for AD risk and cognition
in a large group of older subjects (Harris et al. 2014).

It has been demonstrated that cortical thickness (CT) is a
heritable and sensitive biomarker to investigate the effects of
aging on brain structure (Winkler et al. 2010; Sabuncu et al.
2011; Hwang et al. 2016). In fact, reduced CT in healthy older
adults (Sabuncu et al. 2012) and reduced hippocampal volume in
healthy young subjects with higher AD-GRS, even after exclusion
of APOE from the risk score has been reported (Foley et al. 2017).
Moreover, APOE seemed to have a more pronounced influence
on cognitive function in the general population than other AD-
associated risk genes (Verhaaren et al. 2013) and cognition and
beta-amyloid deposition in a large sample of older adults with
increased risk for AD (Darst et al. 2016). These findings suggest
that susceptibility genes for AD may have differential effects on
cognition and brain structure in normal aging and that APOE
plays a strong role in these processes.

In the present study, we aimed to extend this knowledge
by investigating developing patterns of cortical atrophy (CT) in
normal aging attributable to different loads of risk for AD (overall
and pathway-specific analyses) using older adults from a large
population-based cohort from Germany (1000BRAINS).

Materials and Methods
Sample Data

The study sample consisted of older adults from the general
population in Western Germany (Bochum, Essen, Miilheim a. d.
Ruhr). The sample was drawn from 1000BRAINS, an epidemio-
logical cohort investigating influences of interindividual vari-
ability of brain structure, function, and connectivity at higher
age (Caspers et al. 2014), based on the Heinz Nixdorf Recall
study (Schmermund et al. 2002). Written informed consent was
obtained from all individuals before participation. Protocols and
procedures were approved by the Ethics Committee of the Essen
University Hospital, Germany.

Since 1000BRAINS follows a population design, no a priori
exclusion criteria were applied on the study sample. Partici-
pants were screened for symptoms of dementia (score <9) or
MCI (9 < score < 12) using the DemTect Test (Kalbe et al. 2004).
German ancestry was assigned to participants based on self-
reported ancestry, with possible population stratification being
checked by a SNP-based principal component analysis. Of 558
participants, 14 were excluded due to the following reasons:
stroke (n=2), failed magnetic resonance (MR) image processing
(n=5), genetic quality control and imputation (n=7), resulting in
a final sample of 544 individuals with mean age of 67.3 years.
An overview of the major demographic variables of the study
sample is provided by Table 2.

Genetic Data

Extraction of DNA, Microarray Genotyping, and Computational
Imputation of SNPs

Lymphocyte DNA from participants was isolated from ethylene-
diaminetetraacetic acid-coagulated venous blood by a Chemagic
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Table 2 Demographic data of the study sample from 1000BRAINS

Participants (n=544)

Age (mean + SD) 67.3+£6.7
Gender (male/female) 298/246
APOE ¢4 carriers (rs2075650-G)

risk alleles/non-risk alleles (GG + GA/AA) 150/394

Magnetic Separation Module I (Perkin-Elmer, Rodgau, Germany).
DNA samples were genome-wide genotyped using Infinium
assays (lllumina, San Diego, CA, USA) for the microarrays
HumanOmniExpress (n=391), HumanOmnil-Quad (n=115), and
HumanCoreExome (n=>52). Quality control of raw genotype
data comprised an exclusion of SNPs (deviation from Hardy-
Weinberg equilibrium: P < 1x107%; genotyping call rate: cr <95%;
minor allele frequency: MAF < 3%) and participants (SNP-based
principal component analysis: > 8 s.d. of the mean in 1 of the
first 10 principal components; mismatch between self-reported
and X-chromosomal-derived sex). To increase the number of
available SNPs and decrease the number of missing genotype
calls, dosage data were generated for all participants using
IMPUTE (version 2.3.1) as tool and phased haplotypes from The
1000 Genomes Project (ALL macGT1 reference panel, phase 1,
release 3, March 2012) as reference. Genetic data were imputed
for each microarray type separately and combined afterwards. A
multidimensional scaling of the combined data was performed
which showed no indication of array-specific batch effects
(Supplementary Fig. S1).

Selection of SNPs, Genes, and Pathways Associated with Alzheimer’s
Disease

Selection of candidate SNPs based on designs and results from
GWAS of the International Genomics of Alzheimer’s Project
(Harold et al. 2009; Lambert et al. 2013) and the Alzheimer’s
Disease Neuroimaging Initiative (Sabuncu et al. 2012), and
other groups (Chauhan et al. 2015). SNPs were extracted from
genome-wide imputed data of participants using the most
likely genotypes that were generated by an R software package
(R Development Core Team 2010). The resulting 20 genome-
wide significant, linkage disequilibrium-independent SNPs
(P<5 x 1078 r2<0.8) were mapped to the nearest genes
(RefSeq definitions, GRCh37/hgl9 genome assembly). For the
construction of GRS, we used a two-tiered strategy: we first
constructed a “total” GRS including all 20 selected SNPs, a
commonly used strategy to perform GRS analyses. This strategy
does not include biological information and may include a
mixture of SNPs acting in different or even opposite directions at
a biological level. In order to address this point and disentangle
the action of different biological pathways, we aimed at grouping
the GRS-SNPs into different biological processes and build
“pathway-specific” GRS. For this step, all SNPs had to be linked
to genes through linkage disequilibrium (LD) with SNPs located
in these genes. These genes were subsequently annotated to
biological pathways according to definitions reported by Karch
and Goate (2015) and Guerreiro et al. (2013), resulting in 7
pathways of interest (Table 1).

Most of the GRS-SNPs tag variation within AD-associated
genes. However, 4 GRS-SNPs may be considered as “intergenic”
since they are not directly mapping to a gene. Knowledge about
expressed quantitative trait loci (eQTLs) shows that they tag
variation in regions regulating expression of genes in cis.

The GWAS SNP rs6733839 is located on chromosome 2q14.3
between genes BIN1 and CYP27C1. In particular, rs6733839
points to a small region (LD block) where a neighboring marker
(rs59335482) increases BIN1 expression in the frontal cortex
(Chapuis et al. 2013). Analysis of cell type-specific expression
showed that BIN1 is most highly expressed in microglia
(Karch et al. 2016). Functional studies in Drosophila and human
neuroblastoma cells suggest that BINI mediates AD risk by
modulating Tau pathology (Chapuis et al. 2013).

SNP 152718058 (7p14.1) is located at the GWAS locus GPR141-
NMES. In the brain, rs2718058 drives expression of GPR141 in the
frontal cortex and putamen (Karch et al. 2016). GPR141 encodes
an orphan receptor of the Class A rhodopsin-like G protein-
coupled receptors; an important paralog is GPR174 that encodes
a putative receptor for purine ligands (www.genecards.org).

SNP 159271192 (6p21.32) tags a larger cluster of 5 genes
(MS4A3, MS4A2, MS4A6A, MS4A4A, MS4A6E) from the human
leukocyte antigen (HLA) system. The risk allele of rs9271192
significantly associated with HLA-DRB1 expression in both
temporal cortex and cerebellum in patients with AD (Allen
et al. 2015); HLA-DRB1 is 1 of the 2 genes closest to the SNP.
As BIN1, HLA-DRB1 shows the highest expression in microglia
(Karch et al. 2016).

SNP rs10792832 (11q14.2) is located at the PICALM-EED locus.
In the brain, rs10792832 influences EED expression in putamen,
thalamus, and medulla (Karch et al. 2016). Moreover, EED
expression is neuron-specific in brains of AD patients (Karch
et al. 2016). EED encodes a transcriptional repressor of the
Polycomb-group family (www.genecards.org).

MRI data

Image Acquisition

High-resolution T1-weighted MRIs were acquired on a 3 Tesla
Magnetom Tim-Trio scanner (Siemens, Erlangen, Germany)
using a 32-channel head coil (176 slices, slice thickness 1 mm,
repetition time [TR]=2250 ms, echo time [TE] 3.03 ms, field of
view [FoV] =256 x 256 mm, flip angle =9°, voxel resolution 1 x 1
x 1 mm), as part of the MRI protocol from 1000BRAINS (Caspers
et al. 2014).

Image Processing and Computation of CT

T1-weighted structural MRI were preprocessed using the
automated pipeline for surface reconstruction implemented in
the FreeSurfer Software package (version 5.3.0; Dale et al. 1999;
Fischl et al. 1999; Fischl and Dale 2000; http://surfer.nmr.mgh.
harvard.edu). Before entering the FreeSurfer pipeline, MRI data
were segmented into GM, white matter (WM), and cerebrospinal
fluid using the unified segmentation approach (Ashburner and
Friston 2005) implemented in statistical parametric mapping
(SPM; version 8; http://www.filion.ucl.ac.uk/spm). GM and
WM segmentations were combined to generate a robust
brain mask, which was used to extract brains from skulls,
which then entered the FreeSurfer pipeline. Subsequent steps
involved Talairach transformation, GM/WM segmentation, and
tessellation of the boundary between GM/WM to construct the
WM surface including a correction of topological defects. After
that, the pial surface was generated by inflation of the WM
surface to the interface between GM and cerebrospinal fluid.
The surface reconstruction generated a surface mesh model. CT
was then defined as the shortest distance between a vertex on
the reconstructed pial surface and the corresponding vertex on
the WM surface and vice versa and then averaging both values.

0202 YoJel\ $z uo 1senb Aq 1988€GS/108/2/0E/10B1Sqe-8]0114E/100182/W0o dnoolwapeoe//:sdiy wWwoll papeojumoq


https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhz127#supplementary-data
www.genecards.org
www.genecards.org
http://surfer.nmr.mgh.harvard.edu
http://www.fil.ion.ucl.ac.uk/spm

Genetic risk for Alzheimer’s disease and cortical atrophy in older adults Caspersetal. | 805

|

A priori
evidence

|
e N\ —
Overall Genetic risk scores (GRS) using
analysis SNP,, SNP,, SNP;, ..., SNP,, mapped to genes
. ¥
N
=~
S
SRS GRS GRS
2 < Cholesterol MAPT APOE
a 9 . metabolism metabolism
ST Pathway-specific &
53 APOE-specific analyses
=3 GRS
S S Cytoskeleton,
~ s
§ 7 axon development
)
53
S 1_? I
~
V
=
V
Y]
Identification of E g £ g £
. ) ) ) ) )
anatomical areas £ ) b= s =]
~ ~ I & ]
o =¥ A o =¥

Figure 1. Overview of the study design.

The procedure resulted in ~150000 measurements of CT per
hemisphere, i.e., 300000 vertices per whole brain. Finally, all
CT maps were transformed onto the fsaverage brain template
created in the Montreal Neurological Institute 305 space and
smoothed using a Gaussian kernel of 10 mm.

Statistical Analysis

Computation of Genetic Risk Scores

The annotated SNP sets were used to generate GRS for each
participant. GRS were calculated using weighted allelic scoring
implemented in PLINK (version 1.9; https://www.cog-genomics.
org/plink/1.9/score). In particular, effect alleles and sizes were
defined according to Harold et al. (2009) and Lambert et al. (2013),
i.e., the SNP effect (odds ratio, OR) corresponded to the log OR
of the minor allele. A GRS value represented the mean of the
summarized effects in a set of at least 2 SNPs. This procedure
lead to 6 pathway-specific GRS (cholesterol metabolism, APP
metabolism, MAPT metabolism, cytoskeleton/axon develop-
ment, immune response, endocytosis), and a total GRS (total)
that summarizes the effects across all pathways (overall
analysis). Since epigenetics received support from only 1 SNP
(rs1476679, ZCWPW1), an individual GRS for this pathway
could not be calculated. However, the effect of rs1476679
was introduced to the GRS total. To follow-up the effect of
APOE, APOE-adjusted pathway analyses and an APOE-specific
single-gene analysis were performed. An overview of the study
design is provided by Figure 1.

Correlation Analyses of GRS and CT
To assess CT differences in a population sample under the
influence of a genetic burden for AD, any known factor that

possibly confound the statistical analysis of this relationship
should be addressed by a correction. Age has a strong effect on
brain structure and there are multiple studies that have sys-
tematically investigated this effect on imaging traits such as CT
(Winkler et al. 2010). A very recent study of the large UK Biobank
sample has provided convincing evidence for an influence of
sex on CT, i.e., females show higher raw CT than males (Ritchie
et al. 2018). Already patients with MCI, the prodromal stage
of AD, show regional differences in CT compared to controls
(Bakkour et al. 2013). Based on this knowledge, age, sex, and
DemTect, were introduced as covariates to a general linear
model (GLM) in all analyses. The GLM was implemented in
FreeSurfer’s QDEC interface (mri_glmfit). In the APOE-adjusted
analyses, the GLM was additionally corrected for the APOE-
¢4 status (rs2075650). In each analysis, the lower and upper
threshold of achievable significance levels (P-values) were set
to P=0.05 and P=1x10"". Finally, results were corrected for
multiple testing using Monte Carlo simulation (mri_glmfit-
sim tool with 10000 iterations). Contiguous clusters of vertices
indicating correlations between CT and GRS correlations
were considered to be significant at a cluster-wise P-value
(CWP) <0.05. The pathway-specific GRS are based on SNP
subsets from GRS total, i.e., each pathway analysis shows a
full dependence from GRS total. Moreover, some pathways
are partially dependent from each other since several of the
investigated genes contribute to more than one pathway; all
overlapping genes of the study are indicated as crossbars in
Table 1. As a consequence, we have considered the overall
analysis (GRS total) as the main analysis and each pathway
analysis as a follow-up. A second correction for the number
of tested pathways would require a complete independence
of individual analyses. Since this requirement is not met
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Figure 2. Patterns of cortical atrophy in older adults are influenced by genetic factors for late-onset AD. Dark gray regions represent sulci and light gray regions represent
gyri on the inflated surface of the cortex. The blue colored clusters reflect significant negative correlations between the GRS and CT indicating atrophy in the GM
(CWP < 0.05). Significant positive correlations (red clusters) were not observed. CWP values were encoded by a red-to-yellow color scale indicating a weak-to-strong
positive correlation, while a dark blue-to-light blue color scale reflected a weak-to-strong negative correlation.

in our study design, CWP values were not additionally cor-
rected.

Identification of Cortical Areas

To identify cortical areas, significant clusters were mapped to
areas of the cytoarchitectonic JuBrain atlas (Zilles and Amunts
2010; http://jubrain.fz-juelich.de) using the SPM Anatomy Tool-
box (version 2.2b by January 2016; Eickhoff et al. 2005). If a
cluster did not overlap with a JuBrain area, because the cortical
region has not been cytoarchitectonically mapped or the overlap
between cluster and JuBrain area was too small, the localization
of the cluster was described by a macroanatomical label. Identi-
fied JuBrain areas were denoted in accordance with the original
publications.

Results

We identified significant clusters of vertices indicating negative
correlations between CT and genetic factors for total, choles-
terol metabolism, APP metabolism, APP metabolism adjusted
for APOE, endocytosis, and APOE-specific (Fig. 2; Supplementary
Fig. S2). The result of the overall analysis (total) was utilized as a
basic reference to interpret CT changes of the pathway-specific
and other follow-up analyses.

Overall Analysis

Three significant findings were generated by the GRS total: in
the right hemisphere, a cluster (CWP=1.0 x 10~3) encompassed
the subcentral and ventral precentral gyrus and the caudally
adjacent parietal operculum (area OP1; Eickhoff et al. 2006a;
Eickhoff et al. 2006b) as well as the rostrally adjacent ventral
precentral sulcus at the transition to caudal inferior frontal
sulcus (IFS); in the left hemisphere, a cluster (CWP=1.0 x 107%)
was located in the medial occipital cortex around the calcarine
sulcus including primary, secondary, and dorsal extrastriate cor-
tex (areas hOc1/V1, hOc2/V2, Amunts et al. 2000; hOc3d/V3d,

Kujovic et al. 2013), whereas another cluster (CWP=3.4 x 1072)
spanned posterior parts of the middle temporal gyrus bordering
the lateral occipital cortex (area hOc5, Malikovic et al. 2007) and
reaching into the adjacent superior and inferior temporal sulci
and the inferior temporal gyrus (ITG). In the GRS total-adjusted
for APOE analysis, the pattern of 3 clusters did not appear. In the
APOE-specific analysis, the pattern was found again, whereas
the right frontal cluster extended more into rostral parts of the
IFS, and the left temporal cluster extended more into the ITG; an
additional cluster appeared in the right medial occipital cortex
mirroring the respective left hemisphere occipital cluster.

Pathway-Specific Analyses

In the GRS analysis for cholesterol metabolism, the pattern
of the overall analysis (total) re-appeared, but was amended
by the contralateral counterparts of each cluster, giving rise
to a symmetric, bilateral pattern. In the GRS analysis for APP
metabolism, a similar bilateral pattern was found, except for
the right occipital cluster. Instead, an additional cluster in the
superior parietal cortex appeared (areas 7A, 7P; Scheperjans
etal. 2008a; Scheperjans et al. 2008b), which was the only finding
that survived the adjustment for APOE status (APOE-adjusted
APP metabolism).

Patterns with unique clusters were generated in 2 analy-
ses. In the GRS analysis for endocytosis, a cluster (CWP=4.08
x 1072) covered the left anterior cingulate cortex (ACC; areas
25a, 25p, s24a, s24b, s32, 33; Palomero-Gallagher et al. 2015)
and the anterior midcingulate cortex (aMCC). Except for APP
metabolism, other pathway-specific analyses were not signifi-
cant after adjustment for the APOE status.

Discussion

In the present study, we investigated the cumulative effect of 20
LD-independent SNPs that had convincingly been reported to be
associated with AD in large GWAS, on regional CT. We not only
analyzed the effect of the combined effect of all 20 SNPs, but
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also aimed to include a biologically meaningful sub-grouping of
these SNPs. The rationale behind this concept is to group single
GRS-SNPs that are falling into a common biological pathway
and separate them from GRS-SNPs falling into other pathways
because the biological mechanisms might act in different or
even opposite directions. These considerations resulted in the
analysis of GRS falling into 7 distinct biological pathways.

In a population sample of older adults, we found a common
and pathway-specific patterns of cortical atrophy associated
with genetic risk for late-onset AD. All findings showed that
the higher the genetic burden, the stronger the GM deficit in
the affected region. Most findings were influenced by the strong
effect of the APOE.

Overall Analysis Reveals a Common Pattern of Cortical
Thinning

The common pattern of cortical thinning that appeared consis-
tently across the overall analysis and the pathway analyses for
cholesterol metabolism and APP metabolism can be interpreted
as a network of brain regions between the inferior frontal and
adjacent precentral sulcus as well as the posterior temporal
and medial occipital cortex. Although being highly focused to
parts of these brain regions, our pattern showed similarity with
atrophy patterns observed in patients with AD or MCI, the
prodromal state of AD. Since results by Sabuncu et al. (2011), who
has found patchy patterns across the entire cortex of patients
with incipient AD compared to healthy controls, are elusive
in this respect, other studies have provided more consistent
observations. Cortical thinning in AD and MCI has particularly
been found in the lateral prefrontal and premotor cortex, the
posterior temporal as well as the adjacent anterior temporal
and inferior parietal cortex (Dickerson et al. 2009; Lehman et al.
2011; Mak et al. 2015; Weston et al. 2016). Interestingly, the pat-
tern of cortical thinning has been either more circumscribed or
more extended in these studies, but some commonalities have
been identified. The IFG was barely involved, instead, thinning
extended from the IFS and adjacent precentral gyrus and spread
into the dorsally adjacent lateral prefrontal cortex. While the
extent in posterior brain regions was quite diverse, the posterior
temporal cortex was always involved.

These observations are of particular interest with regard
to our study since our sample was population-based and not
selected for a low genetic burden of late-onset AD. We found
cortical thinning only in the IFS and adjacent precentral sulcus
among all frontal regions as well as in the posterior tempo-
ral cortex. It might thus be assumed that our common pat-
tern reflects early cortical atrophy that is already detectable in
healthy older adults. If these effects are specific to AD pathology
or just observed as a result of the aging process has been
controversially discussed (Bakkour et al. 2013; Fjell et al. 2014).
In this respect, our result in the frontal lobe are of special
interest as this largely resembles the AD-specific pattern of the
IFS and the adjacent precentral sulcus that has reported to be
distinct from aging-associated atrophy more localized to the
IFG (Bakkour et al. 2013). In fact, the thinning in the inferior
frontal cortex particularly reflected brain regions affected in
incipient AD as compared to later stages of mild and moderate
AD in which other brain regions showed predominant structural
decline (Frisoni et al. 2009). Considering a continuum ranging
from normal to diseased states of neurodegeneration (Liddell
et al. 2007; Reinvang et al. 2013), our finding could represent a
pattern of cortical thinning in normal aging that is driven by

genetic factors relevant for AD located at the disease end of the
spectrum. Our results thus extend previous findings of MCI and
AD to the normal end of the spectrum, arguing in favor for a
continuum of changes in brain structure from healthy aging to
neurodegeneration determined by orchestrated genetic risk for
AD.

Another reason why such diverse atrophy patterns have been
found in individuals carrying genetic risk factors for AD may
be the heterogeneity of symptomatology at the beginning of
AD. While typically dominated by episodic memory loss, late-
onset AD might manifest with a diversity of symptoms affecting
several cognitive domains, including dyspraxia, executive dys-
function, literacy, and language problems, as well as visuospatial
and visuoperceptual dysfunctions (Galton et al. 2000; Dubois
et al. 2010; McKhann et al. 2011; van der Flier et al. 2011; Crutch
etal. 2012). This has been systematically assessed in a study with
about 8000 patients (Barnes et al. 2015), showing a considerable
heterogeneity in the first cognitive or behavioral symptoms
associated with AD, with cognitive symptoms (language, prob-
lem solving, and visuospatial dysfunction) yielding larger ORs.
However, it has not been investigated if these dysfunctions are
accompanied with deficits in the underlying brain structure.
Hence, our results in the occipital cortex are highly interesting
since 60% of dementias with visual dysfunction are attributable
to AD (Armstrong and Kergoat 2015). In late MCI, first atrophy
rates in the visual system can be detected at the lingual gyrus
and lateral occipital cortex (McDonald et al. 2009). In incipi-
ent AD, atrophy spreads further at the medial occipital cortex
(Frisoni et al. 2009), especially in the cuneus (McDonald et al.
2009). The severe atrophy in the visual system has been found
at the occipital pole in moderate AD (Frisoni et al. 2009).

It is noteworthy that the common pattern was mainly driven
by the APOE-¢4 allele since the APOE-specific analysis yielded
almost the same pattern as found for the overall analysis. The
additional bilaterality of the medial occipital cluster might be
a matter of counteracting effects from genetic variants in the
GRS total, which are absent in the single-locus analysis of APOE,
thus potentially allowing for a more expanded pattern. To reveal
such counter-acting effects from individual and/or subgroups
of SNPs, we prepared uncorrected CT maps where the APOE
effects and subtle effects from other SNPs were clearly visible
(Supplementary Fig. S3). Using a comparable GRS approach to
investigate effects of biological pathways, Darst et al. (2016) have
found APOE as being the driving factor for cognition function
and beta-amyloid deposition in older individuals with increased
risk for AD. Moreover, our results showed that a statistical
adjustment against the APOE effect in the overall and pathway-
specific analyses resulted in negative findings, apart from a
thinning in the posterior parietal cortex (precuneus) in the GRS
analysis for APP metabolism. A plausible explanation for these
observations is that the e4 allele, as tagged by SNP rs2075650, has
a comparably strong OR of 2.53. We assume that the remaining
mix of effects (ORs between 1.22 and 0.77) was not strong enough
to withstand correction for multiple comparisons. Hence, our
results provide further evidence for a key role of APOE in AD-
associated alterations and pathology. To further disentangle
these aspects, future analyses with larger and longitudinal data
are warranted.

Pathway-Specific Variations of the Common Pattern

The stratification of the overall effects (GRS total) into pathway-
specific effects facilitated the discovery of 2 variations of the
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common pattern. The common pattern was generally found
symmetrically in both hemispheres (Lehmann et al. 2011,
Mak et al. 2015), but partially also slightly right-lateralized
in AD patients (Dickerson et al. 2009). While methodological
reasons cannot be excluded, such as threshold or power issues,
a biological underpinning might also be plausible. Our results
might add up to this discussion from a genetic perspective.
While the common pattern observed in the overall and APOE-
specific analyses revealed an inconclusive picture in terms of
lateralization, the APP metabolism and cholesterol metabolism
analyses led to symmetrical, bilateral patterns in both inferior
frontal and posterior temporal cortex. With the common
pattern being mainly driven by APOE, it might be the case that
other genetic variants could have partially counteracted the
detrimental APOE effect, leading to non-significant thinning
effects in one side of the brain, as discussed above. Both
cholesterol metabolism and APP metabolism, contrarily, contain
only a few variants in addition to APOE-e4. This might have led
to more regions where thinning becomes significant, e.g., due
to variation in ABCA7 and INPP5D which might have enhanced
the APOE effect.

A unique pattern was identified in the GRS analysis for
endocytosis, where a cortical thinning in the left ACC and aMCC
was found, while cortical regions occurring within other atrophy
patterns were spared. While a tendency towards such a pattern
could be recognized in AD patients compared to healthy con-
trols (Mak et al. 2015), the same study revealed a much more
prominent association within this brain region: AD patients with
pronounced deficits in visuospatial memory had predominant
cortical atrophy particularly in the left ACC and adjacent aMCC.
Involved in a variety of functions and emotional regulation, the
ACC/aMCC region is also involved in cognitive and executive
control, particularly for tasks with high working memory load
(Paus et al. 1998; Umemoto and Holroyd 2016), which appears
to be particularly impaired in AD patients and associated with
respective cortical atrophy in this brain region (Mak et al. 2015).

The remaining pathway analyses (MAPT metabolism,
cytoskeleton, immune response) did not reveal any significant
CT change. Reasons may be small sample size, stringent
control for multiple comparison, counteracting genetic effects,
and biological cause. Since MAPT metabolism was the only
pathway of tau pathology in the present study it might be an
interesting gene set for more detailed assessment in future
studies.

Strengths, Limitations, and Concluding Remarks

Given that CT is sensitive for GM changes and the investigated
loci most likely contribute to AD susceptibility, we quantified the
effects of the underlying common genetic variation on CT using
a targeted GRS. This kind of GRS that solely based on a small set
of highly selected SNPs has been proven successful in several
studies of cognition and brain structure (Sabuncu et al. 2012;
Verhaaren et al. 2013; Darst et al. 2016; Habes et al. 2016; Harrison
et al. 2016; Louwersheimer et al. 2016). Of these, only Sabuncu
et al. (2012) have focused on aging, AD risk, and CT in selected,
clinically normal individuals. Our study sample, however, was
drawn from a population-based cohort and no exclusion criteria,
except MRI safety reasons, were applied. Therefore, our results
reflect an association between genetic risk for late-onset AD and
CT across a wide spectrum of normally aging older individuals.
We did not replicate the findings in an independent sample.
However, our sample was 5 times larger than that of the Sabuncu

et al. (2012) study. Moreover, we used a very stringent statistical
threshold for selection of AD-associated SNPs (genome-wide
significance in GWAS of AD) to allow in-depth investigation
of literature-supported biological pathways underlying changes
of cortical structure in normal aging. We did not investigate
the relation between the total and pathway-specific GRS with
cerebrospinal fluid biomarkers for beta-amyloid peptide and
tau protein, as no such data were available for our sample
(1000BRAINS). Since previous studies have sought for associa-
tion between such biomarkers and brain structure and function
(e.g., Sabuncu et al. 2011; Sabuncu et al. 2012; Darst et al. 2016),
this will be an interesting aspect for follow-up studies using
suitable study samples.

Based on the outcome of our study, we conclude that in
later decades of life, susceptibility for AD may explain a fraction
of the inter-individual variability of CT suggesting a partially
overlapping genetic basis for structural brain changes within the
spectrum from normal aging to neurodegenerative disease. Due
to the complexity of biological processes underlying the asso-
ciation between APOE and late-onset AD as well as APOE and
non-pathological aging (Reinvang et al. 2013), longitudinal and
larger studies are warranted to further dissect the association
between AD and cortical thinning in older individuals.
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Supplementary material is available at Cerebral Cortex online.
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