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Several common genetic variants inﬂuence cholesterol levels, which play a key role in overall health.
Myelin synthesis and maintenance are highly sensitive to cholesterol concentrations, and abnormal
cholesterol levels increase the risk for various brain diseases, including Alzheimer’s disease. We report
signiﬁcant associations between higher serum cholesterol (CHOL) and high-density lipoprotein levels
and higher fractional anisotropy in 403 young adults (23.8  2.4 years) scanned with diffusion imaging
and anatomic magnetic resonance imaging at 4 Tesla. By ﬁtting a multi-locus genetic model within white
matter areas associated with CHOL, we found that a set of 18 cholesterol-related, single-nucleotide
polymorphisms implicated in Alzheimer’s disease risk predicted fractional anisotropy. We focused on the
single-nucleotide polymorphism with the largest individual effects, CETP (rs5882), and found that
increased G-allele dosage was associated with higher fractional anisotropy and lower radial and mean
diffusivities in voxel-wise analyses of the whole brain. A follow-up analysis detected white matter associations with rs5882 in the opposite direction in 78 older individuals (74.3  7.3 years). Cholesterol
levels may inﬂuence white matter integrity, and cholesterol-related genes may exert age-dependent
effects on the brain.
Ó 2014 Elsevier Inc. All rights reserved.
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Nearly a quarter of the body’s cholesterol lies in the central
nervous system (CNS) (Dietschy and Turley, 2004), where it serves
as the rate-limiting factor for myelin biosynthesis (Saher et al.,
2005). The available pool of cholesterol in the brain also governs
CNS synaptogenesis (Mauch et al., 2001). Thus, cholesterol is
essential for brain maturation and white matter (WM) development, and decreased cholesterol early in life may limit both the
number and efﬁcacy of synapses. CNS cholesterol concentration is
largely independent of serum cholesterol levels because of the low
permeability of cholesterol through the blood brain barrier
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(Saher and Simons, 2010). Even so, changes in serum concentrations have been associated with variations in the healthy brain’s
WM structure (Cohen et al., 2011; Williams et al., 2013).
The WM ﬁber structure of the living human brain can be
assessed noninvasively using diffusion tensor imaging (DTI). DTI
has been used to both characterize patterns of the developing brain
(Hüppi and Dubois, 2006; Tamnes et al., 2010) and to demonstrate
differences between healthy and unhealthy brains in many disease
processes (Le Bihan et al., 2001; Nir et al., 2013). Regional differences in DTI-derived WM metrics are highly heritable (Jahanshad
et al., 2013; Jin et al., 2011; Thomason and Thompson, 2011) and
are associated with differences in a variety of factors including
serum biomarker measures (Jahanshad et al., 2012) and cognitive
performance (Chiang et al., 2009; Grieve et al., 2007; Kochunov
et al., 2010).
Variations in plasma lipid and lipoprotein levels are also highly
heritable, and differences even within the healthy range of
cholesterol values may exert inﬂuence over the brain. A range of
40%e60% of the normal variation in total cholesterol (CHOL), highdensity lipoprotein (HDL), and low-density lipoprotein (LDL)
concentrations are attributable to genetic inﬂuences (Asselbergs
et al., 2012), and several genetic variants have been identiﬁed
that are associated with lipoprotein levels (Asselbergs et al., 2013).
Cholesterol levels may have age-dependent effects on cognition,
suggesting a changing need for cholesterol in the brain over the
life span. Multiple studies suggest that higher cholesterol levels in
younger adults may be associated with higher ﬂuid intelligence
(speed and/or ﬂexibility of mental processing) (Waldstein and
Elias, 2001). Speciﬁcally, university undergraduate students with
higher serum cholesterol levels showed faster decision-making
and movement times on a choice reaction time test (Benton,
1995), and non-elderly adults with higher cholesterol levels performed better on the WAIS-R Block Design test, which requires
rapid, adaptive problem solving skills (Waldstein and Elias, 2001).
Although some studies similarly correlate lower cholesterol with
poorer executive function in older adults (Elias et al., 2005;
Manolio et al., 1993), late-life hypercholesterolemia has been
strongly associated with an increased risk for Alzheimer’s disease
(AD) (Refolo et al., 2000; Shobab et al., 2005), a neurodegenerative
disease characterized by cognitive deﬁcit (Derouesné et al., 1999).
In general, faster processing and motor speeds have been associated with higher fractional anisotropy (FA) (Aukema et al., 2009;
Chiang et al., 2009), and poorer cognitive performance in executive tasks has been associated with lower FA (Grieve et al., 2007).
As cognition has been associated with cholesterol levels as well as
differences in WM, we hypothesize that cholesterol concentration
also predicts white matter microstructure.
Currently, the role of the serum cholesterol and cholesterol
gene variants on brain development and risk for disease are not
well understood. As WM continues to mature beyond age 30
(Bartzokis et al., 2004; Kochunov et al., 2010; Tamnes et al., 2010),
we set out to determine whether serum cholesterol concentrations measured during adolescence (mean age: 15 years) might
predict WM integrity almost a decade later in early adulthood
(mean age: 24 years) in a large cohort of 403 healthy individuals.
We further hypothesized that genetic risk factors for high
cholesterol, particularly those with known neurologic associations, might relate to WM microstructure - estimated using FA and
mean, radial, and axial diffusivities - and that these same speciﬁc
genetic variants would be associated with axonal integrity in an
independent sample of elderly adults. Our goal was to determine
if serum cholesterol levels and common cholesterol-related genetic variants were associated with WM microstructural integrity,
and, further, if the relationship differed in younger and older age
groups.
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2. Methods
We examined 2 different cohortsethe Queensland Twin IMaging cohort (QTIM) of young Australian twins and elderly individuals
scanned across North America as part of the Alzheimer’s Disease
Neuroimaging Initiative (ADNI). An overview of the analyses performed in each of these cohorts is summarized in Supplementary
Fig. 1.
2.1. QTIM cohort
The QTIM study is a project recruiting healthy Australian twins
to identify genes inﬂuencing brain health and to better understand
genetic factors that affect the brain. Participants were excluded if
they had a history of signiﬁcant head injury, neurologic or psychiatric illness, substance abuse or dependence, or had a ﬁrst-degree
relative with a psychiatric disorder. Participant performance was
also assessed over a range of cognitive tasks. Handedness was
assessed using 12 items from Annett Handedness Questionnaire
(Annett, 1970). Our study included 403 right-handed, Caucasian
participants (146 men and 257 women). Their mean age was
23.8 years (standard deviation, SD: 2.4).
2.2. Determining cholesterol levels
Multiple (average 2.2, SD 1.0) non-fasting serum cholesterol
samples were collected from participants scanned in the QTIM
study. Lipid measurements were assessed at 12, 14, and/or 16 years.
If multiple measures were available for any given subject, the
cholesterol values and ages at measurement were averaged. The
participants’ mean age at the time of the cholesterol measurements
was 15.2 years (SD 2.3). The lipid panel directly measured CHOL,
HDL, and triglyceride levels; LDL was indirectly calculated (and will
thus be referred to as LDL-c) from the Friedewald equation
(Warnick et al., 1990):

LDL  c ¼ CHOL  HDL  ðTriglycerides=5Þ

(1)

Measuring lipid levels in the fasting state is typical, but some
studies argue that this may be detrimental to accurate risk
assessment based on the lipid proﬁle (Langsted et al., 2008; Mora
et al., 2008). Proponents of fasting lipid measurements often cite
the increase in triglyceride levels during a fat tolerance test as a
source of error (Schaefer et al., 2001). In a study of 33,391 individuals, Langsted et al. (2008) reported that non-fasting levels of
lipids, lipoproteins, and apolipoproteins vary only minimally from
levels in the fasting state. Furthermore, multiple averaged nonfasting measures may better reﬂect the body’s typical lipid proﬁle, as more time is spent in the post-absorptive state than the
“fasting” state. In the same study, non-fasting LDL-c differed only
slightly from fasting measures, but was more useful for predicting
risk of cardiovascular events. Thus, non-fasting CHOL, HDL, and
LDL-c were all analyzed in the present study.
2.3. Selection of genes of interest
In a genome-wide association study of 66,240 individuals,
Asselbergs et al. (2012) found 945 single-nucleotide polymorphisms (SNPs) involved in cholesterol metabolism, 170 of
which were genotyped as part of the Illumina Quad-610 BeadChip
in our QTIM cohort (genotyping protocol is available in the
Supplementary Methods). We eliminated SNPs with a minor allele
frequency <0.22 or a linkage disequilibrium >0.4 to assure that the
homozygous minor allele carriers always represented at least 5% of
our population and that associations found were independent of
variations in other SNPs included in the model. All SNPs passing the
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Table 1
Summary of SNPs included in our multi-SNP analysis
SNP

Nearest gene

MAF

Minor allele

rs102275
rs11206514
rs2000069
rs253
rs261341
rs3846662
rs387976
rs405509
rs439401
rs4810479
rs4970843
rs5882
rs5930
rs6602910
rs7120118
rs7122944
rs783149
rs838878

FADS1
PCSK9
ABCA1
LPL
LIPC
HMGCR
PVRL2
TOMM40
APOE
PLTP
SORT1
CETP
LDLR
GAS6
NR1H3
PAFAH1B2
LPA
SCARB1

0.483
0.4093
0.4863
0.4959
0.4597
0.4158
0.4734
0.4927
0.3942
0.4226
0.4245
0.4478
0.3494
0.4588
0.4634
0.2289
0.3155
0.3397

C
C
T
T
A
G
C
T
T
C
C
G
A
T
C
G
A
A

SNPs included in the multi-SNP model. The gene (or the nearest gene when SNP is
intergenic), minor allele frequency and minor allele associated with cholesterol for
each SNP.
Key: MAF, minor allele frequency; SNP, single-nucleotide polymorphism.

initial inclusion criteria (genotyped with passing minor allele frequencies and linkage disequilibriums) were included in keyword
searches using Google Scholar to search for prior reports of associations with AD. Of these, 18 SNPs had been associated with AD
and were included as SNPs of interest in our study (Astarita et al.,
2010; Baum et al., 1999; Dzamko et al., 2011; Gustafsen et al.,
2013; Ikeda and Yamada, 2010; Kysenius et al., 2012; Lamsa et al.,
2008; Mulder et al., 2012; Natunen et al., 2012; Page et al., 2012;
Rodriguez-Rodriguez et al., 2009; Roses et al., 2010; Solfrizzi
et al., 2002; Vuletic et al., 2003; Wollmer et al., 2003; Xiao et al.,
2012). The SNPs we included are summarized in Table 1.
These 18 cholesterol-Alzheimer’s disease risk SNPs were then
entered into a multi-locus analysis to examine whether they had a
collective effect in predicting white matter microstructural integrity.
A general ﬂow diagram of our hypotheses is shown in Fig. 1.
2.4. Cholesterol analysis
A random-effects model (to account for family relatedness) was
used to study the statistical signiﬁcance of plasma cholesterol
values (CHOL, HDL, and LDL-c) voxelwise on regional white matter,
while covarying for age and sex. Multiple comparisons corrections
were used to control for false positives.
2.5. Multi-SNP analysis
Linear mixed-effects models were used to study the joint associations of SNPs with imaging measures (Kohannim et al., 2012),
accounting for kinship among participants using the efﬁcient
mixed-model association (EMMA; http://mouse.cs.ucla.edu/emma/)
software with restricted maximum likelihood estimation (Kang et al.,
2008). This analysis was carried out within the voxels associated
with CHOL in the previous analysis. Arguably, the effects of
cholesterol-related SNPs on the brain may be more likely to be
detected at locations where serum cholesterol associations have
already been detected. Such a relationship was found in a voxel-wise
FA analysis of serum iron transport protein levels and related genes
(Jahanshad et al., 2012). A restricted search space imposes a less
stringent signiﬁcance threshold to report credible associations.
Otherwise a heavy multiple comparisons correction is required to
adjust for searching the whole brain.

Fig. 1. Overview of the motivating factors for our study, including the current understanding of cholesterol’s relationship to the brain and hypotheses that our study aimed
to test. Several known relationships (solid black arrows) motivated our study. Both
serum cholesterol levels and brain structure are highly heritable. In our initial analysis,
we tested whether serum cholesterol levels effected WM microstructure (?1). Brain
and serum cholesterol pools are largely independent, so we hypothesized that certain
genes might exhibit pleiotropic effects on both serum and brain cholesterol pools and,
thus, brain integrity. As cholesterol genes maintain serum cholesterol levels and AD
genes inﬂuence brain structure, we analyzed the effects of a subset of cholesterol genes
implicated in AD pathology on WM microstructure (?2). Abbreviations: AD, Alzheimer’s
disease; WM, white matter.

Each SNP was coded additively as 0, 1, or 2 according to the
number of minor alleles present in each subject. The signiﬁcance
levels (p-value) of individual and joint SNP associations with FA,
Drad, Dmean, and Dax (radial, mean, and axial diffusivity; respectively)
were determined from the F-score of the partial F-test:


F ¼

RSScovariates  RSSfull

,

Pfull  Pcovariates

,

RSSfull n  P




(2)

full

Here, RSS represents the residual sum-of-squares (number of subjects, n). Our reduced model included only covariates (age, sex) as
parameters (Pcovariates), and the full model contained all SNPs and
covariates (Pfull). p-maps were generated for each individual SNP,
covarying for each of the 17 other SNPs.
2.6. Candidate gene analysis
As a post hoc test, we assessed the effect of the one SNP that
contributed most to the multi-SNP results, examining its individual
voxelwise associations with measures of microstructural WM
integrity on the thresholded whole brain scans of QTIM participants. This test was not restricted to the CHOL mask generated
earlier.
2.7. Multiple comparisons correction
Computing multiple comparisons across thousands of voxels can
introduce a high false-positive error rate (Genovese et al., 2002). To
account for these errors, we used the searchlight false discovery
rate (FDR) method to control the false positive rate of each statistical map at q ¼ 0.05. Searchlight FDR controls for regional effects
over FDR in any reported ﬁndings (Langers et al., 2007). All statistical maps shown in this article were thresholded at their corrected
p-value after this multiple comparisons correction at q ¼ 0.05 to
show only regions of signiﬁcance. Uncorrected p-values were then
shown within the signiﬁcant regions. When determining the
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smaller sub-sample, not covarying for APOE4, to eliminate group
size effects. Demographic and genotypic information for both cohorts is summarized in Table 3.

Table 2
ADNI participants by probable diagnosis
Probable diagnosis

Participants
Men
Women
Average age at scan (y)
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AD

MCI

HC

Total

10
6
4
72.3  11.4

48
31
17
74.4  7.1

20
12
8
75.0  5.4

78
49
29
74.3  7.3

2.10. DTI acquisition and processing

signiﬁcance of the effects of each individual SNP in the multi-SNP
analysis (e.g., to identify our candidate SNP), we corrected for
each of the 18 SNPs included in the joint analysis.

Images were acquired and processed as previously described
(Jahanshad et al., 2012; Nir et al., 2013). Brieﬂy, the following steps
were performed: (1) images underwent distortion correction and
intensive quality control; (2) DTI metrics were extracted from the
tensor; (3) a study speciﬁc FA template was created to which we
registered all individual FA maps; and (4) voxelwise associations
were performed in regions of high FA in the template (FA >0.25 for
healthy young adults and FA >0.2 for older ADNI participants).
Additional details on image acquisition and processing and can be
found in the Supplementary Methods section.

2.8. Follow-up analysiseADNI cohort

2.11. Explanation of DTI measures

To follow-up these ﬁndings, we also tested if there were any
detectable associations in older participants from the ADNI. Our
study included 78 participants (49 men and 29 women) with an
average age of 74.3  7.3 years. At the time of their baseline
magnetic resonance imaging scan, each subject underwent multiple cognitive evaluations, including the Mini-Mental State Examination, Wechsler Memory Scale, Clinical Dementia Rating, and
Alzheimer’s Disease Assessment Scale-Cognitive, which were used
to identify individuals as having AD or mild cognitive impairment
(MCI), or they were classiﬁed as healthy controls (Nir et al., 2013).
Deﬁnitive presence of AD pathology can only be conﬁrmed via
brain tissue biopsy or postmortem examination, so these diagnoses are only probable. Subject information for each probable
diagnosis group is summarized in Table 2. Participants were
scanned at one of 14 sites across North America. Inclusion and
exclusion criteria are detailed in the ADNI protocol (www.adniinfo.org). All data from this cohort is publicly available at: http://
www.loni.usc.edu/ADNI/.
The ADNI data set was chosen for use as an exploratory followup sample to study the candidate gene’s associations with WM
metrics in brain scans of older individuals, not because of the
presence of AD and MCI diagnostic categories. As such, all probable
diagnoses were included in the analysis to maximize our sample
size, and probable disease status was covaried for, as AD is known to
associate with measures of WM (Bartzokis et al., 2003; Parente
et al., 2008; Rose et al., 2000).
ADNI was conducted according to Good Clinical Practice
guidelines, the Declaration of Helsinki, US 21CFR Part 50d Protection of Human Subjects, and Part 56d Institutional Review
Boards, and pursuant to state and federal HIPAA regulations.
Written informed consent for the study was obtained from all
participants and/or authorized representatives and study partners.

A single diffusion tensor was ﬁtted at each voxel in the brain
from the eddy-current and Echo Planar Imaging (EPI) induced
distortion corrected Diffusion Weighted Imaging (DWI) scans using
the software package FMRIB Software Library (FSL), and scalar
anisotropy and diffusivity measures were obtained from the
resulting diffusion tensor eigenvalues including FA and radial,
mean, and axial diffusivity (Drad, Dmean, and Dax).
Generally in healthy tissue, higher FA may indicate the presence
of more heavily myelinated axons and is a well-accepted index of
microstructural white matter integrity (Beaulieu, 2002; Klingberg
et al., 2000). FA will therefore be high (nearer to 1) in regions of
high organization (e.g., the corpus callosum), intermediate in regions with some organization (i.e., white matter regions with no
predominant ﬁber orientation), low in regions that are not specifically oriented (i.e., gray matter), and near zero in free ﬂuids (i.e.,
cerebrospinal ﬂuid) (Grieve et al., 2007).
Lower FA can also indicate a reduction in the density of WM ﬁbers, a loss in axonal bundle coherence, or a variation in membrane
permeability to water (Beaulieu and Allen, 1994), so radial, mean,
and axial diffusivity (Drad, Dmean, Dax) are also commonly included

Average age (years at time of scan) and sex of ADNI participants, broken down by
probable diagnosis.
Key: AD, Alzheimer’s disease; ADNI, Alzheimer’s disease neuroimaging initiative;
HC, healthy controls; MCI, mild cognitive impairment.

2.9. Follow-up analysisestatistical analysis
In our analysis, we covaried for sex, age, and probable disease
status (using a dummy covariate for each of the diagnoses, AD and
MCI) for our candidate SNP using the model listed in Equation 2.
Candidate SNP allele dosage did not vary signiﬁcantly between each
probable diagnosis, and the allele frequency of each group was in
Hardy-Weinberg equilibrium. APOE4 status is important to consider
in elderly individuals when analyzing how cholesterol associated
genes affect brain volume (Murphy et al., 2012). Thus, we ran
additional analyses that covaried for APOE4 status. As only 57 participants had APOE4 information, we reran our initial analysis in this

Table 3
Participant demographic and genotypic information
Database

Participants
Men
Women
Average age at scan (y)
Total cholesterol (mmol/L; mg/dL)
Low-density lipoproteins (mmol/L; mg/dL)
High-density lipoproteins (mmol/L; mg/dL)
Average age at cholesterol tests (y)
Number of cholesterol tests
rs5882 A/A
rs5882 A/G
rs5882 G/G
APOE4 homozygotes
APOE4 heterozygotes
APOE4 noncarriers

QTIM

ADNI

403
146
257
23.8  2.4
4.3  0.7; 168  28
2.4  0.6; 95  24
1.4  0.3; 54  11
15.2  2.3
2.2  1.0
181
185
37
NA
NA
NA

78
49
29
74.3  7.3
NA
NA
NA
NA
NA
38
32
8
6
19
32

Participant demographics for the QTIM and ADNI cohorts. For QTIM, we report mean
total cholesterol (CHOL), high-density lipoproteins (HDL), and calculated lowdensity lipoproteins (LDL-c). Average serum cholesterol measures were within
normal ranges for adolescents (CHOL <4.4 mmol/L [<170 mg/dL]; HDL >0.9 mmol/L
[>35 mg/dL]; LDL <2.8 mmol/L [<110 mg/dL]). In ADNI, APOE4 carrier status is
included.
Key: ADNI, Alzheimer’s disease neuroimaging initiative; NA, not applicable; QTIM,
Queensland twin imaging.
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Fig. 2. Associations between white matter microstructure (FA) and total cholesterol (CHOL) and high-density lipoprotein (HDL) in the QTIM sample. Higher adolescent serum levels
of both CHOL and HDL were associated with higher FA in early adulthood. For total cholesterol, light blue areas correspond to stronger beta-values (regression coefﬁcients more
positive); for high-density lipoprotein, yellow areas correspond to stronger beta-values (more positive). Both measures positively associate with FA but are represented in different
colors to capture the speciﬁc beta-value ranges for each test. Abbreviations: AF, arcuate fasciculus; CC, corpus callosum; CR, corona radiata; FA, fractional anisotropy; FX, fornix; G,
genu; IC, internal capsule; IFOF, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; SP, splenium; QTIM, Queensland twin imaging; UNC, uncinate. Left in the
image is right in the brain. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

in WM assessments (Barysheva et al., 2013). Dax (l1) represents the
tendency of water to diffuse along its primary direction of diffusion.
Drad (the average of l2 and l3) measures diffusion perpendicular to
the axonal ﬁbers. Drad is thought to be minimally affected by the
loss of bundle coherence and often increases when myelin is
damaged or fails to develop normally (Song et al., 2002, 2005;
l ) is the average of the
Thomason and Thompson, 2011). Dmean (b
diffusivities in the 3 principal diffusion directions. Thus, Dmean
provides an overall evaluation of the molecular motion in a voxel or
region, characterizing the overall presence of obstacles to diffusion
(Thomason and Thompson, 2011). The combined use of these
diffusivity measures gives a clearer picture of WM microstructure.
3. Results
3.1. Cholesterol analysis
Serum cholesterol concentrations and DTI images were available
for 403 individuals from the QTIM cohort (see Demographics,
Table 3). We mapped the voxelwise effects of averaged adolescent
blood serum cholesterol measures (CHOL, HDL, and LDL-c; average
collection age ¼ 15.2 years) across the thresholded WM regions of
the whole brain to determine associations with white matter
integrity. Higher CHOL was associated (after multiple comparisons
correction as described in the Methods) with higher FA across broad
regions of white matter, including the genu of the corpus callosum
(G), corpus callosum overall (CC), fornix (FX), internal capsule (IC),
and the inferior fronto-occipital fasciculus (IFOF) (Fig. 2). Furthermore, higher CHOL was associated with lower Drad, Dmean, and Dax
(with negative beta-values) (Supplementary Fig. 1).
Higher HDL was associated with higher FA in the splenium of the
corpus callosum (SP), the IC, arcuate fasciculus (AF), FX, CC, corona
radiata (CR), and regions corresponding to the IFOF, inferior longitudinal fasciculus (ILF), and/or uncinate (UNC) (Fig. 2). Higher HDL
was associated with lower Drad (Supplementary Fig. 2), but variation in HDL was not signiﬁcantly associated with Dax and Dmean.
LDL-c was not signiﬁcantly associated with FA; thus, other measures of WM microstructure (Dax, Drad, and Dmean) were not further
investigated.

3.2. Multi-SNP analysis
As adolescent CHOL levels were associated with WM structure
in adulthood, we further examined common variants in a subset of
cholesterol-related genes previously associated with AD risk
(Table 1). Using a multi-SNP genetic model (Kohannim et al., 2012),
we examined the joint effect of allele dosage of 18 SNPs on brain
regions where CHOL was associated with FA. This avoided correction across unnecessary tests at potentially unrelated voxels or
voxels with poor signal-to-noise ratio and boosted detection
sensitivity by limiting the search space.
The multi-SNP analysis shows the proportion of variance (R2) in
FA explained by our SNP panel. Signiﬁcant predictions of FA were
made by the joint multi-SNP model (p-value ¼ 1.09  105, critical
p-value of 0.023 in 46.7% of voxels of the CHOL FA mask in the IC, CC,
and the IFOF and/or ILF (Fig. 3). The critical p-value is the highest
threshold that controls the FDR, and higher critical p-values (closer
to 0.05) denote stronger effects.
We generated p-maps for the individual associations with FA for
each SNP, simultaneously covarying for the effects of the other
SNPs. rs5882 of CETP individually survived multiple comparisons
correction across all voxels using FDR at q ¼ 0.05 individually
(minimum voxelwise p-value ¼ 6.54  107, critical p-value ¼
0.033). For the main multi-SNP analysis, only 1 statistical test is
completed so no further correction is necessary for the number of
SNPs in the analysis. For the individual SNP analyses, however, we
corrected for both the number of voxels tested and the number of
SNPs tested. Even so, rs5882 in CETP was statistically signiﬁcant at
the new more stringent signiﬁcance threshold (p-value ¼ 7.61 
107).
3.3. Candidate gene analyses
After identifying candidate gene CETP (rs5882) from the multiSNP analysis, we performed individual voxelwise examinations of
rs5882 G-allele dosage on thresholded FA, Dax, Dmean, and Drad
maps of the entire brain (not restricted to the areas associated with
CHOL). In the QTIM sample (young healthy adults), increased
rs5882 risk (G) allele dosage was signiﬁcantly associated with
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Fig. 3. Multi-SNP results: R2 values for signiﬁcant associations of the multi-SNP analysis within brain regions associated with total cholesterol in the QTIM sample. R2 values are
combined predictive value of our SNPs. White areas are areas with higher R2 values, as shown by the color bar. The blue underlay corresponds to the p-values of the CHOL analysis;
these were used to deﬁne a search region for the multi-SNP analysis. Thus, blue regions visible represent the only regions of the CHOL FA mask where the multi-SNP analysis did not
ﬁnd signiﬁcant associations. Left in the image is right in the brain, coordinates are in MNI space. Abbreviations: CHOL, total cholesterol; FA, fractional anisotropy; SNP, singlenucleotide polymorphism; QTIM, Queensland twin imaging. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

higher FA (minimum voxelwise p-value ¼ 9.47  108, critical pvalue ¼ 0.019) bilaterally in the internal capsule (IC), splenium of
the corpus callosum (SP), arcuate fasciculus (AF), and areas corresponding to the uncinate (UNC), inferior longitudinal fasciculus
(ILF), and/or inferior fronto-occipital fasciculus (IFOF) (Fig. 4A).
Higher rs5882 risk allele dosage was also associated with lower Drad
and Dmean (Supplementary Fig. 3).
3.4. Follow-up analysis in ADNI
As rs5882 showed broad associations in the white matter tracts
of healthy young adults (QTIM; mean age 23.8 years, SD ¼ 2.4), we
searched for effects of this SNP in late life by analyzing rs5882
allele-dosage dependent voxelwise associations with measures of
WM over the whole thresholded brain images in ADNI (mean age
74.3 years, SD ¼ 7.3). Risk (G) allele dosage of rs5882 was associated
with lower FA (p-value ¼ 4.53  106, critical p-value ¼ 0.0019) in
the IFG, CC (forceps major), SP, CR, and regions corresponding to the
ILF, IFOF, UNC, and/or FX (Fig. 4B). This pattern was directionally
opposite of our QTIM ﬁndings, but agrees with prior reports that Aallele dosage is associated with greater baseline thickness and less
atrophy in elderly APOE4 noncarriers (Murphy et al., 2012). rs5882
risk allele dosage was also associated with higher Drad and Dmean
(Supplementary Fig. 4). CETP and APOE interact (Arias-Vasquez
et al., 2007; Murphy et al., 2012), so we also ran the analysis covarying for APOE status. rs5882 risk allele dosage continued to show
negative associations with FA.
4. Discussion
In this study, we set out to further our understanding of the
relationship between cholesterol, genetics, and the brain in young
and old individuals. We found signiﬁcant associations between
elevated total adolescent cholesterol (CHOL) and HDL levels and
higher FA measured from DTI images acquired during early adulthood (QTIM). Ensuing analyses with other diffusivity measures
suggested that higher cholesterol levels are indeed associated with
greater WM integrity. We also found that cholesterol genes were
associated with FA in these young adults in regions with substantial
overlap to serum cholesterol measures. One SNP, rs5882 of CETP,
independently held signiﬁcant associations with DTI metrics,
showing differential effects in younger (QTIM) and older populations (ADNI).

Changes in magnetic resonance imaging signal, as detected by
fractional anisotropy, can be attributed to a number of physiological
factors including edema, demyelination, and inﬂammation (Assaf
and Pasternak, 2008; Thomason and Thompson, 2011). The different processes contributing to signiﬁcant signal change can potentially be distinguished by investigating the different diffusivity maps
generated in DTI studies (Assaf and Pasternak, 2008). We performed
our analyses with multiple DTI-derived measures (fractional anisotropy and axial, radial, and mean diffusivities) to provide a clearer
picture of the white matter microstructural differences identiﬁed.
Some of these metrics have been studied in post-mortem analyses
and animal model studies, and Drad has potentially shown speciﬁcity
for assessment of myelination (Song et al., 2005). For a full explanation of DTI-derived measures, see Section 2.
In voxel-based analyses, the presence of gray matter, white
matter, and cerebrospinal ﬂuid within a single voxel lead to partial
voluming (Lee et al., 2009). This effect is ampliﬁed in scans acquired
with larger slice thicknesses or greater voxel size. By limiting our
statistical tests to regions where the template showed an FA >0.25
(0.2 for the older cohort), we attempted to limit our analyses to
highly probable white matter voxels where partial voluming plays a
minimal role. However, because of voxel sizes much larger than
axonal bundles, partial voluming remains an inherent limitation in
current DTI analyses.
The bulk of cholesterol biosynthesis during brain maturation is
produced for myelin development (Morell and Jurevics, 1996) and
myelination continues well into adulthood. Only recently has imaging been used to examine associations between serum cholesterol levels and brain structure in vivo. To our knowledge, our
article is the ﬁrst to examine such associations in young adults.
Elevated CHOL and HDL measured during adolescence were associated with greater FA levels and, more speciﬁcally, lower Drad in
young adults. Higher cholesterol levels in early life may be associated with more robust myelination and greater progression along
the WM developmental trajectory, contributing to greater WM
microstructural integrity. Cholesterol analyses were only performed on the QTIM data set.
Serum cholesterol levels increase nearly linearly from adolescence through mid-life at an annual rate of 2.29 mg/dL (0.06 mmol/
L) (Keys et al., 1950). As all QTIM participants were healthy, little
deviation from this trend is expected. Because of the linear relationship, durations between serum collection (average age 15.2 
2.3 years) and scan time will be almost exclusively correlated with
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Fig. 4. Signiﬁcant associations between white matter microstructure (as measured here by thresholded whole brain voxel-wise FA) and CETP (rs5882) risk (G) allele dosage in (A)
the QTIM sample and (B) ADNI. In QTIM (A), increased G-allele dosage was associated with higher FA in statistically signiﬁcant regions. Yellow corresponds to stronger beta-values
(more positive). In ADNI (B), increased G-allele dosage was associated with lower FA in statistically signiﬁcant regions. Pink corresponds to stronger beta-values (more negative).
Only areas surviving multiple comparisons correction across the brain are shown. Abbreviations: ADNI, Alzheimer’s disease neuroimaging initiative; AF, arcuate fasciculus; CC,
corpus callosum; CR, corona radiata; FA, fractional anisotropy; FDR, false discovery rate; FX, fornix; G, genu; IC, internal capsule; IFG, inferior frontal gyrus; IFOF, inferior frontooccipital fasciculus; ILF, inferior longitudinal fasciculus; SP, splenium; QTIM, Queensland twin imaging; UNC, uncinate. Left in the image is right in the brain, coordinates are in
MNI space. (For interpretation of the references to color in this ﬁgure, the reader is referred to the web version of this article.)

age at the time of the scan (average age 23.8  2.0 years) and
therefore are not modeled separately.
Although statistically signiﬁcant associations between CHOL/
HDL and FA were detected in broad WM regions in the young
adults, cholesterol may simply have a more generalized effect on
WM throughout the brain. Associations between cholesterol levels
and FA are conventionally shown for regions where the estimated
effect size for a set of voxels exceeds that expected by chance
(searchlight FDR thresholded at q ¼ 0.05). Thus, any inference
about where the association is detected does not imply that the
effects are not present elsewhere in the brain (Jernigan et al.,
2003). Lack of standardization in the brain’s arterial supply (Tatu
et al., 1996), differences in age of maturation of different white
matter regions (Tamnes et al., 2010), and other anatomic variability may, in part, contribute to the detectability of a statistical
association in any brain region.
Cholesterol concentration is inﬂuenced by genetics, so we performed a voxelwise joint multi-SNP analysis on brain regions significantly associated with CHOL in the young adults. Several AD risk
genes overlap with those that may increase a person’s risk for high

serum cholesterol (Arias-Vasquez et al., 2007; Rodriguez-Rodriguez
et al., 2009; Solfrizzi et al., 2002; Wollmer et al., 2003). AD pathology is marked by a global cognitive decline (Moseley, 2002) and by
alterations in various WM structures of the brain (Bartzokis et al.,
2003; Bozzali et al., 2002; Brun and Englund, 1986; Rose et al.,
2000), with lower FA observed in AD patients versus healthy controls (Parente et al., 2008; Rose et al., 2008; Takahashi et al., 2002). DTI
metrics have even detected changes in the WM microstructure between healthy elderly individuals and patients with MCI (Bosch et al.,
2012; Ukmar et al., 2008), indicating the usage of mapping the effects
of risk-variants before the onset of disease. As thousands of SNPs are
implicated in the cholesterol metabolizing pathway, we narrowed our
search to a panel of 18 cholesterol related SNPs previously associated
with AD risk, which have known neurologic involvement. Signiﬁcant
associations were detected between this set of genes and FA, suggesting that variations in the cholesterol-metabolizing pathway inﬂuence WM microstructure. These genes may affect the local
concentration of cholesterol available to oligodendrocytes, as CNS
myelination is hindered when cholesterol synthesis is impaired in
oligodendrocytes (Saher et al., 2005).
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The multi-SNP analysis also identiﬁed the variant of the
cholesterol-related genes with the largest inﬂuence on FA, CETP
(rs5582). The role of CETP (cholesteryl ester transfer protein) in
plasma has been extensively studied (Ruggeri, 2005), but its role in
the brain is less well understood. CETP protein product is detectable
in cerebrospinal ﬂuid (Tall, 1993), suggesting that the gene inﬂuences the cholesterol concentration available to the brain. CETP
mediates transfer of cholesteryl esters from HDL to LDL and other
lipoproteins and promotes subsequent uptake by the cell (Inazu
et al., 1990). CETP rs5882 (I405V) represents an A to G variation,
which encodes valine in place of isoleucine. Risk (G) allele homozygotes show signiﬁcantly lower CETP and higher HDL levels (AriasVasquez et al., 2007; Asselbergs et al., 2012).
In young adults, the rs5882 risk-allele dosage, assessed additively, was broadly associated with higher FA: risk (G-allele) homozygotes had higher FA than A-allele homozygotes and
heterozygotes. Signiﬁcantly lower radial diffusivity and mean
diffusivity were also observed with increasing risk-allele dosage.
Thus, the rs5882 I405V variant may lead to greater myelination
and axonal integrity during brain development. As higher
cholesterol levels are essential for maturation, abundant or
elevated HDL levels may serve a critical role in the development of
heavily myelinated white matter ﬁbers.
Turley et al. (1996) suggest that LDL cholesterol plays little to
no role in the sterol acquiring process of the developing brain,
and, in our own analysis, LDL-c failed to show signiﬁcant associations with DTI correlates of white matter microstructure in
young adults.
Although elevated cholesterol levels may support brain development, higher cholesterol later in life may be detrimental to the
brain. In addition to increasing risk for degenerative brain disease
(Refolo et al., 2000), hypercholesterolemia also contributes to
higher risk for developing cerebrovascular disorders (Kaste and
Koivisto, 1988), including dysfunction of the blood brain barrier
(Kalayci et al., 2009). Prior studies have found negative associations
between serum cholesterol measures and FA in older individuals
(Cohen et al., 2011; Williams et al., 2013) (average age of
participants ¼ 58.3  1.2 and 68.0  9.4 years, respectively). As
Cohen et al. (2011) jointly analyzed the effects of “abnormal
cholesterol” (high HDL, low LDL, and/or statin use), we cannot
directly relate our ﬁndings to their results. Contrary to results from
our younger cohort, Williams et al. (2013) reported that greater HDL
was associated with lower FA in an older group. Although serum
cholesterol information was not available for all older participants
evaluated from ADNI, we found that rs5882 risk-allele dosage
(associated with higher HDL, Asselbergs et al., 2012) was associated
with lower FA and higher Drad and Dmean, suggesting lower WM
microstructural integrity. Here, higher Drad may be indicative of
lower levels of myelination.
Some WM regions where FA associations with serum cholesterol levels were detected (genu of the corpus callosum, inferior
longitudinal fasciculus) are among the earliest and most rapidly
changing WM tracts (Lebel et al., 2008), suggesting that WM
microstructure in these areas may be more susceptible to
cholesterol concentration present during the crucial developmental period. Although many different models describe the underlying association between WM and AD (Bartzokis, 2011; Nir
et al., 2013), WM atrophy is often attributed, in part, to Wallerian degeneration and therefore may be secondary to gray matter
loss (Bozzali et al., 2002). Axonal integrity of the splenium of the
corpus callosum (SP), among other regions, is lower in AD patients
(Chua et al., 2008). Associations between cholesterol-gene CETP
risk-allele dosage and WM were found in the SP of young, healthy
adults, suggesting that there may be a genetic component inﬂuencing these changes long before the onset of disease or age-
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related degeneration. Validation of our ﬁndings and proof of differential effects across brain regions would require a more focused
study of cholesterol throughout development or a longitudinal
assessment of cognitive impairment, which are beyond the scope
of this study.
In summary, although previous studies have shown associations between serum cholesterol levels and brain structure in
older adults, this study may be the ﬁrst to suggest that higher
cholesterol levels are associated with greater white matter
microstructural integrity in young adults. Cholesterol-related genetic variants predicted FA in nearly half of these WM regions
associated with serum cholesterol. As serum cholesterol is
essentially separated from brain cholesterol, these genes may also
act in the brain to affect the local cholesterol microenvironment
and, as a result, WM integrity. rs5882 risk (G) allele dosage
showed opposite directional associations in 2 groups of participants most likely because of age differences between the cohorts,
predicting signiﬁcantly higher WM integrity in young adults and
lower WM integrity in old adults. Because this speciﬁc variant
forms a gene product that promotes elevated HDL, high HDL may
be beneﬁcial during WM development and detrimental later in
life. Additional studies are needed to provide further evidence
that the association is not a false positive.
The relationship between cholesterol and the brain is important for understanding the healthy aging process and pathology.
When cholesterol available to the brain is reduced during
development, white matter maturation is signiﬁcantly affected.
Lower white matter integrity could lead to slower signaling and
impaired cognitive function, speciﬁcally in tasks requiring rapid
decision and movement times (Muldoon et al., 1997). Late-life
hypercholesterolemia, by contrast, is associated with cognitive
decline (Elias et al., 2005; Solomon et al., 2009) and higher risk
for late-onset AD in several studies (Reid et al., 2007; Sparks,
1997). Optimal cholesterol levels in the brain change over the
life span, so some cholesterol-related genetic variations may be
beneﬁcial to white matter microstructural integrity early in life
and detrimental later. Future longitudinal research is required to
further elucidate how the favorable range of cholesterol levels
changes throughout life and how these changes affect the brain.
Study of the detrimental affects of unfavorable cholesterol levels
may help us understand genetic risk decades before disease
onset and may even lead to the development of novel therapeutic
targets.
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